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Chapter 1 Introduction 
 
 
 
 
 
1.1 TiNi Alloys 
Titanium nickel (TiNi), an intermetallic compound, was discovered by metallurgist Willian J. 
Buehler at the Naval Ordinance Laboratory. The unique properties of an equiatomic TiNi alloys was 
discovered when he observed the major change in the atomic structure of the material due to temperature 
change [1].  The shape memory effect and superelasticity of TiNi alloys is attributed to its ability to exist 
in two different temperature-dependant phases: austenite and martensite. The high temperature austenite 
parent phase, stable under low stress is in cubic form with B2 structure. The low temperature martensite 
phase, stable under suitably higher stress condition, is monoclinic with B19’ structure. Fig. 1.1 illustrates 
the crystal structure of B2 and B19’. 
 
Fig. 1.1 Schematic illustration of the crystal structure of TiNi  (a) B2 cubic unit cell of austenite and (b) B19’ 
monoclinic unit cell. 
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Fig. 1.2 Schematic representation of the shape memory effect of TiNi alloy [2]. 
The inherent ability of this alloy to alter their type of atomic bonding which causes unique and 
significant changes in mechanical properties and crystallographic arrangement is termed as superelasticity 
and shape memory effect. This changes, occurs as results of martensitic transformation, as a function of 
temperature and stress.  
The mechanism of the shape memory effect is described as follows. Upon cooling, the austenite phase 
starts to transform to martensite at Ms (martensite start temperature). Since the martensite phase has lower 
symmetry than the austenite phase, martensites with the same structure but in different crystallographic 
orientations (called variants of martensite) can be formed. For example, in B2 (cubic) to B19’ 
(monoclinic) transformation of Ni-Ti alloy, as many as 12 correspondence variants can be formed. 
Formation of martensite in the parent phase will cause a large strain due to the fact that the martensitic 
transformation is associated with a shape change. A combination of two or four variants may form in 
tandem to reduce this strain and this particular morphology is called self-accommodation. Variants in this 
morphology are twin-related to each other. Twins introduced upon martensitic transformation can act as a 
deformation mode if a stress is applied, since the twin boundary in Ni-Ti is mobile. This process is called 
detwinning as a favorably oriented variant grows at the expense of other less favorable ones. The 
deformation remains when the stress is released. Upon heating, the martensite variants revert to their 
original orientations in the austenite phase so that the original shape is restored. Ordinarily the shape 
memory effect is one-way as only the shape of the austenite phase is memorized.  
Superelasticity at high temperatures is essentially due to a stress-induced martensitic transformation. 
When the SMA sample is at a temperature above Ms, in which the austenite phase is the dominant phase 
in a stress-free specimen, the martensite phase can be induced by application of an outer force. Once the 
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stress is released, the martensite is unstable at high temperature, thus the reverse transformation happens 
and the strain is recovered. The high elasticity of NiTi is not simply stretching the atomic bonds, but it is 
the result of changes in the crystal structure by stress. 
 
Fig. 1.3 Schematic representation of the superelasticity effect of TiNi alloy [2]. 
 The superelasicity and shape memory effect of TiNi alloys made it one of the common metals 
used in the biomedical application such as orthodontic archwires, stents and guidewires. Superelasticity of 
TiNi alloys allows for the use as archwires as it can exert light and constant force on top of good 
mechanical properties and corrosion resistance [2,3]. For the usage as stent, TiNi stents are self-
expanding, taking advantage of their shape memory capabilities. Their superelasticity allows for the 
delivery of stents to the intervention site without kinking or permanently deforming [4].   
1.2 Biomaterials 
Another consideration in the usage of TiNi alloys as medical devices is its biocompatibility. A 
biomaterial was defined by American National Institute of Health "as any substance (other than a drug) or 
combination of substances, synthetic or natural in origin, which can be used for any period of time, as a 
whole or as a part of a system which treats, augments, or replaces any tissue, organ, or function of the 
body" [5]. Since this definition excludes application such as orthodontic brackets and surgical instruments, 
the most appropriate definition for a biomaterials is proposed by D. F William as "material intended to 
interface with biological system to evaluate, treat, augment or replace any tissue, organ or function of the 
body" [6].  
Biocompatibility is described as "the ability of a material to perform with an appropriate host response 
in a specific application"[6]. In order for a material to be deemed suitable for biological application, it 
must be fulfilled several requirements. The materials should be able to perform its biological requirement 
without causing any cell death, chronic inflammation or other damage of cellular or tissue function [7]. 
Besides the structural requirement, the biocompatibility also plays a crucial roles as the its surface is 
directly exposed to the living organism.  
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1.2.1 Biomaterial and surface interaction 
The interaction between metal surfaces and tissues is a complex matter. In the long term, metal ions 
release from the surface and specific biological activity of these metal ions may affect the tissue adjacent 
to the metal implants. To understand the implication of the metal used as biomaterials, we have to first 
understand the interaction between biological environments with the material. 
The outermost atomic layer of general biomaterial surface at the moment of insertion in to the tissue is 
a combination of inorganic or organic oxides and hydroxides with low chemical reactivity and low 
solubility at physiological conditions. Different surfaces possess different basic water chemistries as 
represented by their elemental compositions and functionalities, such as –OH, −CH3, PO4, −NH2, 
−COOH, and −SiOH groups. This chemistry also gives rise to different free surface energies, water-
retaining capacities, surface mobility, and other properties that may or may not be important for blood and 
tissue responses. Fig. 1.4 summarizes a few important surface chemical and physical properties believed 
to be relevant to in vivo behavior of biomaterials [8]. 
 
Fig. 1.4 Surface properties governing behavior of implanted material [8]. 
Biocompatibility of a material surface is closely related to the response of cells in contact with the 
surface and their adhesion. The initial response to a material placed in a biological environment is the 
adsorption of the water molecules. The extent and specific manner of interaction of the water molecules 
with the surface is dependent on the surface properties. These properties also determine the adsorption 
behavior of protein and other molecules.  Within seconds to hours after implantation, adsorbed layer of 
protein covers the material surface. Then, the cells eventually reach the surface and interact with the 
surface through the protein layer [9]. Cellular responses are always mediated through proteins via their 
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ligands [10]. The cells can adhere, release active compounds, recruit other cells, grow in size, replicate or 
die depending on their interaction with the adsorbed protein [11]. 
1.2.2 Protein adsorption 
Proteins are essential parts of organisms and involve in many essential processes within cells. Proteins 
are organic macromolecules built up from 20 different amino acids linked together by peptide bonds. 
Proteins are responsible for various functions such as forming part of extracellular matrix (ECM) for 
structural and mechanical support, cell signaling, and immune response and cell adhesion. Protein 
adsorption is a highly complex process. Protein adsorption can only take place if the Gibbs energy of the 
system decreases [12,13]. Proteins are surface-active and tend to accumulate at interfaces between the 
solid surface and liquid. Fig. 1.5 shows the schematic explanation of individual steps involved in the 
adsorption process of a protein molecule. The process and mechanism of protein adsorption and 
desorption can be explained as follows: 
1. The protein molecules are transported from the solution towards the surface by diffusion and 
convection, influenced by solid surface electrostatic potential. 
2. Protein attachment is driven by the decrease of the Gibbs energy in the system. The 
attachment of the proteins on the surface is influenced by their amino acid composition, size 
and their overall physical and chemical properties. The proteins also may change in structure 
upon adsorption 
3. Interaction between the protein and surface might further alter the proteins’ structure. 
4. Desorption and the diffusion back into the solution might occurs although it is less probable 
due to high number of interaction points with the surface and a more stable binding after 
protein unfolding. 
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Fig. 1.5 Schematic representation of the process of protein adsorption on a solid surface [14]. 
Albumin is one of the most popular proteins in the human blood plasma while vitronectin is one of the 
key proteins for cell attachment onto the substrate surface in vitro cell culture condition. It is reported that 
albumin adsorption onto a material surface reduces the pro-inflammatory activity of macrophage [15] and 
platelet-activated thrombogenesis [16]. Vitronectin is a glycoprotein present in plasma mediating cell 
adhesion to a substrate surface [17] and reorganizing cytoskeleton [18]. 
 
1.3 Surface Characterization 
1.3.1 Surface characterization  
Key factors in determining good compatibility between the material and the host tissue are surface 
wettability, roughness, chemical composition, electric charge and mobility, and corrosion resistance [19]. 
Atoms on the surface are mostly highly unstable leading to enhanced mobility and higher reactivity. 
These surface atoms can easily undergo phase transformation, segregation or even dissolution (corrosion). 
Thus, surface characterization of the biomaterial is important in determining its biocompatibility.  
1.3.2 X-ray Photoelectron Spectroscopy 
X-ray photoelectron spectroscopy (XPS) is a standard tool used in characterizing the biomedical 
surface. XPS method is based upon the photoelectric effect in which soft X-rays are used to excite core 
and valence electrons within the atoms of a surface. As the X-rays are focused upon a sample, the 
interaction of the X-rays with the atoms in the specimen causes the emission of the core level electron. If 
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the X-ray energy is large enough photoelectrons are expelled from the material and their kinetic energies 
(KE) are measured by the instrument. This excitation process is known as the photoelectric effect and is 
illustrated in Fig. 1.6. Differences in chemical elements within the near surface region are identified on 
the basis of their binding energy (BE), which is measured relative to the Fermi level (EFermi) of the 
individual atoms. The KE and BE of the photoelectron are related via the following equation: 
KE = hv – BE – ϕspectrometer     (Eqn. 1.1) 
where hν represents the energy of the absorbed photon and ϕspectrometer is the work function of the 
spectrometer. 
One of the key features of XPS is that both elemental and chemical information are easily available. 
This allows XPS to provide information on the oxidation state and local bonding environment of atoms 
within a surface layer. Due to the high elemental sensitivity of XPS, changes in oxide chemistry can be 
monitored. The XPS also can be use to differentiate between atoms that have different bonding 
arrangements to allows for the quantitative analysis of surfaces. Not only that, XPS can be used for depth 
analysis and as a result, the thickness or structure of oxide overlayer can be visualized. 
From the XPS survey spectrum, the elemental concentration of a surface containing two or more 
elements (except for H and He) can be determined using the following formula: 
XA = (IA/SA)/(ΣN(IN/SN))   (Eqn. 1.2) 
where XA, IA and SA represent the atomic concentration (in at%), the peak area and the relative sensitivity 
factor (RSF) for element A in a surface having n elements, respectively. Any contributions of the energy 
loss background to the photoelectron peak intensities are removed using a subtraction algorithm [20]. 
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Fig. 1.6 An electron energy diagram for a Ni2+ showing the absorption of a photon and resultant expulsion of a 
2p level photoelectron. 
 
1.4 Corrosion in biomaterial 
Medical implants based on metals are mainly used in load bearing application such as joint 
replacement, for the fixation of bone fracture, or mechanical support for enlarged tubular organs such as 
arteries vessels in form of screws or stents. Also, metal is widely used in the field of oral surgery. The 
mechanical properties of metals such as high strength and stiffness allowed for their usage over a long 
time. The biocompatibility of metal is depending on its good corrosion resistance to avoid impairment of 
the material properties due to degradation. Corrosion and wear resistance plays a major role as the host 
tissue may be damaged from the leaking corrosion products or abrasive particles.  
Although carcinogenesis by metal prostheses is extremely rare in humans, however there are concerns 
regarding the possibilities of carcinogenic hazard. Several epidemiological studies have demonstrated the 
carcinogenicity of several metallic alloys such as nickel, cobalt, chromium or lead compounds. Metal 
particles produced by mechanical wear or metal ions released by corrosion might be initiating factors for 
such malignancies [21]. Wear debris is not biologically inert as their accumulation in local tissue is 
associated with chronic inflammatory reaction, although the nature of which depends on the type or size 
of the particle [22], concentration and duration of exposure [23], and the surface characteristic of the 
implants [24].  
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Although metal used as an implant is typically inert due to their good corrosion resistance, the 
complexity of biological environment might alter their corrosion behavior. Upon insertion into host, these 
implants encounter different environment with complex physio-chemical nature and their interaction with 
tissues and body fluid further complicating the corrosion behavior [25]. The corrosion of metallic 
biomaterials also is a multifactorial factor that depends on the geometric, metallurgic and solution-
chemistry parameters [26].  
1.4.1 General concept of corrosion 
Metal implant corrosion is controlled by (1) the extent of the thermodynamic driving forces which 
cause corrosion (oxidation/reduction reactions) and (2) physical barriers which limit the kinetics of 
corrosion [27]. The two parameters will be discussed in detail as below. 
(1) Thermodynamic consideration on metallic corrosion 
The most relevant form of corrosion related to metallic biomaterials is aqueous corrosion.  The 
electrochemical reaction happens when the metallic biomaterials is exposed to the aqueous electrolyte. 
Two basic reactions that occur during corrosion are anodic reaction and cathodic reaction. Anodic 
reaction is the increase of the valence state of the metal atom in which the metal loses electrons during 
anodic reaction. 
MMn+ + ne-  
In cathodic reaction, the electron is consumed during the reaction. Depending on the nature of the 
electrolyte, the two most important reactions are the (1) reduction of hydrogen: 
2H
+
 +2e
-
 = H2 
and (2) the reduction of dissolved oxygen: 
O
2-
+ 4H
+ 
+ 4e
-
 = 2H2O (in acidic solutions) 
O
2-
 + 2H2O + 4e
-
 = 4OH
-
 (in neutral or basic solution) 
For corrosion to occur, there must be a thermodynamic driving force for the oxidation of metal atoms. 
This driving force can be quantified thermodynamically using the Gibbs function, or free energy equation 
(the Gibbs function incorporates both the entropy and enthalpy changes of the above chemical reaction, or 
the total work to reach equilibrium). 
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At equilibrium, the chemical energy balances with the electrical energy, which can be quantified using 
the Nernst equation, which defines the electrical potential across an idealized metal–solution interface 
when in a solution. 
     
  
  
  
       
         
   (Eqn. 1.3) 
where E0 is the standard electrode potential, R is the gas constant, T is absolute temperature, F is the 
Faraday constant, n is the number of electrons transferred, and aanodic and acathodic is the activities 
(concentrations) of the anodic and cathodic reactants.  
At low concentrations, the activity can be approximated to the concentration. In this situ- ation, there 
is a net dissolution of the metal and a current will flow. At equilibrium, the rate of the metal dissolution is 
equal to the rate of the cathodic reaction, and the rate of the reaction is directly proportional to the current 
density by Faraday’s law; therefore: 
ianodic = icathodic = icorrosion    (Eqn. 1.4) 
and the Nernst equation can be rewritten:  
E − E0 = ±β ln(icorr/i0)       (Eqn. 1.5) 
where β is a constant and i0 is the exchange current density, which is defined as the anodic (or cathodic) 
current density at the standard electrode potential. Current density is the current, measured in amperes, 
normalized to the surface area of the metal. 
(2) Kinetic barrier formation of oxide films 
The second primary factor that influences the corrosion process of metallic biomaterials is the 
formation of stable surface barriers or limitations to the kinetics of corrosion. The barriers prevent 
corrosion by physically limiting the rate at which oxidation or reduction processes can take place. One 
example of kinetic limitation to corrosion is the formation of metal oxide passive film on a metal surface. 
In general, the passive films prevent the migration of metallic ions from the metal to the solutions, the 
migration of anions from solution to metal, or the migration of electrons across the metal–solution 
interface[28]. In order to limit oxidation, passive films must have certain characteristics. They must be 
non-porous and must fully cover the metal surface.   
Passivating oxide films spontaneously grow on the surface of metals such as titanium alloys or 
stainless steels. These oxide films are generally very thin (on the order of 5 to 70 Å) and may be 
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amorphous or crystalline. One of the more widely accepted models, by Mott and Cabrera [29], states that 
oxide film growth depends on the electric field across the oxide. The film will change its thickness by 
growth or dissolution until the rates of both are equal, giving rise to a film thickness that is dependent on 
metal oxide solution potential. If the interfacial potential is made sufficiently negative or the pH of the 
solution is made low enough, then these oxide films will no longer be thermodynamically stable and will 
undergo reductive dissolution, or there will be no driving force for the formation of the oxide, and the 
metal surface will become unprotected. 
1.4.2 Corrosion resistance of TiNi alloys 
The biocompatibility of TiNi alloys is derived from the passive titanium oxide (TiO2) layer on the 
surface of the alloys. This layer acts as a barrier between the bulk TiNi and the human body. The 
formation of TiO2 in the air is due to the low formation energy of TiO2 in comparison to NiO. Titanium 
has a four-fold greater affinity for oxygen than nickel [30]: 
Ti(s) + O2(g)  → TiO2(s) , ΔH = -956 kJ/mol Eqn. 1.6 
Ni(s) + ½ O2(g) → NiO(s), ΔH = -241 kJ/mol Eqn. 1.7 
As the oxide formation is favored thermodynamically, the passive layer on the TiNi alloys were 
mainly consists of TiO2 despite the high nickel content [31]. The strongly adherent surface layer of 2-10 
nm thickness were generally observed [32-34]. Furthermore, the oxide layer is spontaneously regenerated 
in milliseconds even after damage which is considered as an advantage for the biomedical application of 
Ti-based alloys [35]. 
The presence of cells is shown to have a detrimental effect to the protectiveness of the metallic 
biomaterial passive films. Fig. 1.7 shows a scheme of the effect of the fibroblast on the corrosion behavior 
of metallic biomaterial. In the study by Hiromoto et. al, they have found that the presence of fibroblasts 
increases the passive current density and decreases the pitting potential [36]. The pH near the cells was 
also found to be lower than that of the bulk medium due to the accumulated dissolved metal ions near the 
cells. The decrease of the pH level of the medium near the cells leading to the initiation of crevice 
corrosion that will affect the structural integrity of the metallic implant.  
Chapter 1 
12 
 
 
Fig. 1.7 Influence of fibroblast on the corrosion of biometallic material [37]. 
1.4.3 Ni ion release 
Metal ion release has been often recognized as a cause of clinical failure or allergic reaction of 
metallic medical devices [38]. Measureable amounts of the metallic ions have been obtained in the tissues 
surrounding the implants as well as in the serum, body fluids, and urine [39]. For implanted Ni-containing 
alloys, wide variation in Ni ion release rate has been reported. The rate of Ni release range from 0.81-
0.0081 mg/h per kilogram body weight totaling 5-500 mg/y for a 70 kg individual [40]. Ni ion release has 
been associated with carcinogenic, mutagenic, cytotoxic and allergenic reaction in the average patients 
[31,41]. The average percentages of metal sensitivity are approximately 10% for the general population, 
22% for patients with well-functioning implants, and 60% for the patients with poorly functioning 
implants [42]. 
Although TiNi alloys are generally considered as biocompatible, nickel ion release can still be a 
problem. Presence of Ni within the oxide layer can lead to release of nickel ions into the surrounding 
media [43]. The formation of the oxide layer may result in the creation of a nickel-rich sublayer which 
can act as reservoirs of nickel ion release in the body as the nickel atoms are smaller than titanium and 
oxygen atoms, thus which allows the nickel atom to diffuse interstitially through surface oxide layers [44].  
Various studies have been made to modify the surface structure of TiNi alloys to prevent Ni ion release 
into the surrounding such as by laser surface treatment [45], oxidation [46,47] or chemical passivation 
[34]. These findings emphasize the importance of controlling the nature and homogeneity of the TiNi 
oxide films.  
1.5 Severe plastic deformation 
Bulk nanostructured materials have gaining more interest in recent years due to its improved 
mechanical properties. Bulk nanostructured metals and alloys by severe plastic deformation have been 
Chapter 1 
13 
 
seen as new alternative in producing nanocrystalline materials. Previously, in achieving grain refinement 
in metal and alloys, available techniques are mechanical alloying, inert gas condensation, and 
electrodeposition. However, in recent years there are growing interests in fabrication of bulk 
nanostructured materials by using severe plastic deformation (SPD). SPD process is currently defined as 
“any method of metal forming under an extensive hydrostatic pressure that may be used to impose a very 
high strain on a bulk solid without the introduction of any significant change in the overall dimensions of 
the sample and having the ability to produce exceptional grain refinement.”[48]. 
 
1.5.1 Equal-channel angular pressing (ECAP) 
In ECAP processing, a simple shear strain is introduced when the billet passess through the plane 
where the two channels meet. As the cross section of the billet remains unchanged, the billet can be 
repetitively go through the pressing, leading to accumulation of very large strain.  
 
Fig. 1.8 Schematic of ECAP process [48] 
1.5.2 Accumulative roll bonding  (ARB) 
In ARB process, the metal sheet is rolled to 50% thickness reduction. Then, the rolled sheet is cut into 
two and both halves are stacked together, thus restoring the original thickness of the sheet. The stacked 
sheet then were rolled together to half of the thickness. The repeating of rolling, cutting and stacking 
ultimately accumulated a large strain in the sheet [49]. 
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Fig. 1.9 Schematic of ARB process [49]. 
1.5.3 Multi-directional forging (MDF) 
The principle of MDF is illustrated in Fig. 1.10 and it assumes multiple repeats of free-forging 
operations including setting and pulling with changes of the axes of the applied load. Multiple free-
forging operations include repeated setting in three orthogonal directions. Since MDF is commonly 
performed in the temperature interval of 0.1– 0.5Tm, where Tm is the melting temperature, grain 
refinement during MDF is usually associated with dynamic recrystallization [50]. This method can be 
used to obtain a nanostructured state in rather brittle materials because processing starts at elevated 
temperatures and the specific loads on tooling are relatively low. 
 
 
Fig. 1.10 Schematic of MDF process [50]. 
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1.5.4 High pressure torsion 
High-pressure torsion (HPT) is one of the SPD methods that have been used to produce bulk 
amorphous and nanostructured materials. During deformation by HPT, a sample is subjected to shear 
straining under a high quasi-hydrostatic pressure between two anvils, leading to grain refinement and 
amorphization of the sample, producing nanostructured material with improved mechanical properties 
[51]. This technique has a limitation on the dimensions of the samples compared to other SPD technique. 
However, it may be useful for applications in miniaturized implants or biomedical devices. In this process, 
the mechanical properties of the materials can be altered by controlling the degree of deformation i.e. the 
number of rotation.   
 The principle of HPT processing is depicted schematically in Fig. 1.11. The samples is located 
between two anvils where it is subjected to compressive applied pressure, P, of several GPa and 
simultaneously it is subjected to a torsional strain which is imposed though rotation of the lower anvil. As 
a result of high imposed pressure, the deforming sample does not break even at high strains. Due to high 
shear strain imposed on the sample during HPT deformation process, HPT can be used to produced bulk 
samples with up to nanometer size grains (down to <30nm) which is beneficial to produce small, disc-
shaped samples for fundamental studies on nanostructured materials. 
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Fig. 1.11 Schematic illustration of HPT processing [52]. 
 
1.5.5 Parameter in estimating the strain in HPT 
In earlier work, there was difficulty in calculation of the precise torsional strain. However, in 1985, a 
Russian research group applied the principle of HPT to achieve intense deformation in a number of 
various metallic alloys [53]. The true accumulated strain, ε, was estimated by  
       
    
  
      Eqn. 1.8 
where the φ is the rotational angle imposed by torsion straining, r is the radius of the disk and h is the dis 
thickness. Since φ·r/h >> 1and φ=2πN where N is the number of whole revolutions imposed on the disk, 
it follows that Eq 1.8 may be written as  
    (
   
 
)     
     
 
   Eqn. 1.9 
Fig. 1.12 shows the parameters used to estimate the accumulated straining imposed on the sample by HPT 
deformation. 
For an infinitely small rotation, d, and the displacement, dl is given by 
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    (Eqn. 1.10) 
where the r is the radius of the disks, and the incremental shear strain, d, is given by 
    (Eqn. 1.11) 
where h is the disk thickness. 
By further assuming that the thickness of the disk is independent of the rotation angle, , it follows 
from formal integration that, since  = 2N, the shear strain, , is given by  
         (Eqn. 1.12) 
where N is the rotation number.  Finally, in many investigations the equivalent von Mises strain is then 
calculated using the relationship [81-83] 
        (Eqn. 1.13) 
 
 
Fig. 1.12 Parameters used in estimating the total strain in HPT. 
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1.6 Research objectives 
In the recent years, nanostructured TiNi alloys produced by severe plastic deformation has garnered 
attentions due to enhanced mechanical properties [54-57] and corrosion resistance [58,59]. However, not 
much works has been done on determining the effect of SPD process to the biocompatibility of TiNi 
alloys. As nanostructured TiNi may be proven beneficial in the usage as biomaterial, it is important to 
observed the effect of its structural and surface behavior to the stability of TiNi in biological environment. 
The overall goal of this study is to gain better understanding about the effect of HPT deformation on the 
phase and microstructural changes, biocompatibility, surface properties and corrosion behavior of the 
TiNi alloys.  
1.7 Thesis outline 
In this thesis detailed analysis of the effect of HPT deformation on the phase change, microstructural 
evolution, surface behavior and biocompatibility of TiNi alloys is presented. 
 In Chapter 2, detailed XRD and microhardness studies of TiNi alloys before and after HPT 
deformation are presented.  In Chapter 3, the biocompatibility of the TiNi alloys before and after HPT 
deformation is analyzed. The cell growth behavior and colony morphology is shown to evaluate the 
impact of HPT to the cell behavior on TiNi alloys. Protein adsorption behavior analysis is also shown for 
two type of proteins: albumin and vitronectin.   
The effect of HPT on the surface chemistry of TiNi alloy before and after cell culture is compared in 
Chapter 4. Detail analysis focusing on the change in major elements and also the oxide depth profile were 
done by analyzing the high resolution spectrum obtained from XPS. The electrochemical behavior of 
TiNi alloys before and after HPT is discussed in Chapter 5. Chapter 6 provides a summary of the results 
obtained in this work. 
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Chapter 2 Phase Analysis and Mechanical Properties Characterization of 
TiNi Deformed by High Pressure Torsion 
 
 
 
 
 
2.1 Introduction 
TiNi alloys is well known to be susceptible to amorphization and has been observed as results in 
various techniques such as ball milling [1], cold rolling [2,3], shot peening [4] and cold wire drawing [5]. 
However, in recent years, many works have been published regarding production of nanostructured TiNi 
via severe plastic deformation (SPD) process [6-9]. During SPD processing, high strain is imposed on the 
samples leading to introduction of high densities of lattice defects, which is necessary for grain 
refinement[10]. 
High-pressure torsion (HPT) is one of the SPD methods that have been used to produce bulk 
amorphous and nanostructured materials [11]. During deformation by HPT, a sample is subjected to shear 
straining under a high quasi-hydrostatic pressure between two anvils, leading to grain refinement and 
amorphization of the sample, producing nanostructured material with improved mechanical properties.  
Heavy straining imposed during HPT deformation process introduced high dislocation density leading to 
formation of nanocrystalline and amorphous structure in TiNi alloys.  
In this chapter, we examined the effect of HPT deformation on the structural changes and its 
consequences on the mechanical properties of TiNi alloys. 
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2.2 Experimental Procedures 
2.2.1 Material preparation 
Two kinds of TiNi alloys having composition of Ti-50mol%Ni and Ti-50.9mol%Ni (nominal) were 
used in this study. The analyzed composition of the ingots was Ti-49.8mol%Ni for Ti-50mol%Ni alloy 
and Ti-50.8mol%Ni for Ti-50.9mol%Ni alloy. The oxygen content was less than 400 ppm.  An ingot was 
produced by cold-crucible levitation melting. The ingot was forged and hot- and cold-rolled into a plate of 
about 1 mm thickness. Disk samples with 10 mm in diameter were cut from the plate using a wire electric 
discharge machine. The disks were heat-treated at 900°C for 1 hour in vacuum and then water quenched 
at room temperature. They were then ground to a thickness of 0.85 mm. The disks were then subjected to 
deformation by high-pressure torsion apparatus (REP-HPT-60-05, Riken Enterprise Co. Ltd) under 
compressive pressure of 5 GPa at room temperature to various number of rotations, N = 0.25, 0.5, 1, 5 and 
10 at a rotation speed of 1 rpm. The deformed samples were then mechanically polished on wet 
metallographic polishing silicon carbide (SiC) papers consecutively from #220 down to #1000, then 
finished with 9-, 3-, and 1- µm diamond paste in order to obtain a mirror-like surface. The polished 
samples were then cleaned ultrasonically for 15 minutes in acetone.   
2.2.2 Material characterization 
X-ray diffraction (XRD) analysis was performed on a diffractometer (MiniFlex2, Rigaku, Co.) 
operated at 30 kV-15 mA, with Cu-Kα for the diffraction angle in the range from  20° to 100°. Micro 
Vickers (HMV-2, Shimadzu Co.) hardness measurements were done with diamond pyramidal indenter 
mm with an applied load of 20gf for 15s. The indentation was done across the surface of the disks for 15 
points at an interval of 0.5mm, as shown in Fig. 2.1. Forty-five experimental values were determined 
from each sample. The average value for each distance were then determined as the arithmetic mean. 
 
Fig. 2.1 Schematic illustration of microhardness testing along the radial of the sample. 
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2.3 Results 
2.3.1 Structural Evolution 
Fig. 2.2 (a) shows a series of XRD pattern of Ti-50mol%Ni before (BHPT) and after HPT deformation. 
The XRD pattern of the BHPT sample shows the sample is composed of the austenitic B2 phase and the 
martensitic B19’ phase.  However, after subjected to the deformation by HPT at N = 0.25, significant 
peak broadening and a decrease in the peak intensity was observed. Further straining (N = 0.5) led to the 
appearance of halo centered at around 2  ~ 42º, which corresponds to the formation of amorphous phase. 
The XRD patterns appear almost unchanged by further straining. Fig. 2.2(b) shows the corresponding full 
width at half maximum (FWHM) of 2 = 42° (corresponding to austenite B2 (110) peak) of TiNi.  
 
Fig. 2.2 (a) X-ray diffraction patterns of Ti-50mol%Ni before and after HPT deformation and (b) its 
corresponding FWHM at 2θ ~ 42º. 
XRD patterns for Ti-50.9mol%Ni before and after HPT deformation is shown in Fig. 2.3(a). The XRD 
pattern of the BHPT sample shows the main peak at 2θ ~ 42º, corresponding to the (110) austenitic B2 
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phase. After HPT deformation of N =0.25, the peak intensity of (110) decreases and peak broadening was 
observed. Small peaks seen on the shoulder of the (110) peaks of B2 phase correspond to (002) reflection 
of B19' martensite phase, which may be due to stress-induced martensitic transformation during HPT 
deformation. At N =1, the intensity of (110) peaks with substantial broadening were observed to be 
slightly pronounced. Further straining at N =5 shows the (110) peak is more distinct in comparison to 
lower number of rotations. The corresponding N =5 sample’s FWHM of 42° shown in Fig. 2.3(b) slightly 
decreases. This observation may be attributed to the higher fraction of B2 nanograin. Further straining led 
to a halo centered at 2θ ~ 42º which corresponds to the formation of amorphous phase. This observation 
indicates the grain refinement and phase transformation due to the accumulation of dislocations during 
HPT deformation.  
 
Fig. 2.3 (a) X-ray diffraction patterns of Ti-50.9mol%Ni before and after HPT deformation and (b) its 
corresponding FWHM at 2θ ~ 42º. 
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2.3.2 Mechanical properties 
Micro-hardness measurements were done to confirm the change in the structure in the TiNi alloys due 
to HPT deformation.  Fig. 2.4 shows the Vickers micro-hardness as the function of the distance from the 
disk center. For Ti-50mol%Ni alloys (Fig. 2.4(a)), the hardness of BHPT sample was found to be at 220 
Hv. The average hardness of the samples increases two-folds after HPT-deformation of N = 0.25. At the 
low number of turns, the edges of the samples possess higher hardness compared to the center of the same 
disk.  Strain hardening caused by HPT increase the hardness in the sample. This is a typical behavior of 
the materials subjected to HPT processing.  
 
Fig. 2.4 Micro-hardness of (a) Ti-50mol%Ni and (b) Ti-50.9mol%Ni before and after deformation with different 
turns as a function of distance from the disk center. 
2.4 Discussion 
SPD methods are regarded as attractive processing technique due to its ability to achieve grain 
refinement in a fully dense, bulk material. In HPT technique, high degree of straining is imposed on the 
samples. Table 2.1 shows the determined degree of torsional deformation of each samples calculated at 
the edge of samples based on Eqn 1.2, Eqn 1.5 and Eqn 1.6 as discussed in Section 1.3.  
Table 2.1 Degree of torsional deformation with different number of revolutions (edge of sample) 
Number of 
rotation, N 
True accumulated 
strain, e 
Shear strain,γ Equivalent Von Mises 
strain, εequiv 
0.25 2.22 9.24 5.33 
0.5 2.92 18.48 10.67 
1 3.61 36.96 21.34 
5 5.22 184.80 106.69 
10 5.91 369.60 213.39 
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 The large strain imposed leads to the phase changes as observed in Fig. 2.2 and Fig. 2.3 for Ti-
50mol%Ni and Ti-50.9mol%Ni, respectively. The only stark difference between this two alloys is the 
initial austenitic B2 phase of Ti-50.9 mol% Ni is more stable and less susceptible to amorphization. The 
tendency to form the amorphous structure under HPT conditions is at the strongest when the samples 
were in stable martensitic state [12].  This is due to relatively higher degree of imperfection on the crystal 
lattice if slightly Ni-rich Ti-50.9 mol% Ni [12].  
The phase transformation observed from XRD pattern can be summarized as follows. When subjected 
to a low number of rotation (N = 0.25 and 0.5), decrease in B2 intensity and emergence of B19’ 
martensite peaks indicate the deformation-induced martensitic transformation. The original B2 austenite 
is transformed into self-accommodated martensite with various variants. With further deformation, the 
martensites are subjected to reorientation and turn into same orientation in a definite grain. When the 
deformation increases, the high density of dislocation lead to formation of dislocation cell in the grain, 
forming a nanocrystalline grains. Peak broadening on XRD suggests the mixed subgrain formation of B2 
and B19’ [13]. Decreasing grain size with further deformation stabilized the B2 austenite and suppressed 
the martensitic deformation [14]. This translated into a slightly increased in peak intensity and reduced 
FWHM value at 2θ ~ 42º of N = 5 sample of Ti-50.9mol%Ni indicating increased in amount of B2 
nanocrystal. With further deformation, the B19’ martensite transforms into the fragmented grain [13]. 
Further rotation at N = 10 finally produced amorphous structure with embedded nano-scale debris of B2 
phase. After subjected to large plastic strain, high density of defects were induced and destroy the 
periodicity of the atomic arrangement, thus leads to the formation of amorphous phase amongst the 
retained nanocrystalline grains[15]. 
 This results agrees with previous TEM observations of HPT-deformed TiNi [3,7,8,16]. It should be 
emphasized that the amorphization is very heterogeneous process [6]. Preferential sites for amorphization 
may be dislocation tangles, martensite twin boundaries and grain boundaries.  Amorphization in the form 
of shear bands was also observed as shown in Fig. 2.5  [17].   
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Fig. 2.5  Schematic illustration of the nanostructures of HPT deformed TiNi as observed by TEM showing the 
nanograins (black) and amorphous (gray)region [17]. 
 
One of the drawbacks in HPT is that the variation of the imposed strain across the radial distance as 
shown in the hardness profile in Fig. 2.4. Inspection of Eqn. 1.12 suggests that processing by HPT will 
introduced a very significant inhomogeneity into the material, so that both the microstructure will be 
extremely inhomogeneous. However, this study demonstrated a gradual evolution towards a 
homogeneous structure in the HPT deformed samples with this evolution occurring by increasing the total 
number of rotations. In both TiNi alloys, at low rotation, lower hardness is observed in the central region 
of the disk. However, the hardness values in the centers gradually increase with increasing N. As the 
rotational number increases, the hardness becomes more homogeneous across the disks due to excessive 
strain accumulation introduced by extra rotation [3]. The hardness difference between the center and the 
edge tends to become relatively small as the number of rotation increases resulting in the overall increase 
in the micro hardness level.  This result confirms the development of a gradual evolution in hardness 
across the disk diameters with increasing torsional straining. 
2.5 Conclusion 
In this chapter, we have demonstrated the gradual changes in structural and mechanical properties of 
TiNi alloys after subjected to HPT at various number of rotations. The study on the X-ray diffraction and 
microhardness of TiNi alloys after subjected to HPT deformation systematically confirms the change in 
the microstructure and mechanical properties. XRD patterns examination revealed that phase 
transformation from martensite to austenitic occurs in both TiNi alloys, with martensite suppression due 
to grain refinement. Microhardness characterization shows an evolution towards hardness homogeneity 
with increasing numbers of turns in HPT processing. 
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Chapter 3 Biocompatibility of Nanostructured TiNi Processed by High-
Pressure Torsion 
 
 
 
 
3.1 Introduction 
Surface chemistry plays an important role in determining the stability of a metal in vitro and in vivo, 
which influences its biocompatibility via protein adsorption behavior and following cell attachment[1]. 
For metallic materials currently used in the biomedical field such as TiNi, titanium alloys and stainless 
steel, their biocompatibility is heavily dependent on the stable formation of a protective oxide layer on 
their surfaces. In vitro testing on a mechanically polished TiNi sample reveals a high amount of Ni ion 
release from it due to the metallic Ni existing on its surface [2]. Thus, various researches have been done 
on surface modification process of TiNi alloys, focusing on the increase in the thickness of the oxide layer 
via heat treatment [3,4], chemical modification [2,5] or ion implantation [6,7]. Although thicker oxide 
layer has been shown beneficial in preventing harmful Ni ion release, it has a problem with mechanical 
stability especially when it undergoes pseudo-elastic transformation [8,9].  Various surface modification 
processes such as oxidation and coating have also been proven beneficial to improve the biocompatibility 
of TiNi alloys. However, emergence of miniature devices such as guide wires and pneumatic valves (in 
cardiovascular application) makes bare TiNi alloys still an attractive option for such application from the 
viewpoint of process and cost reduction. Thus, the processing of bare TiNi alloys is crucial to ensure their 
stability for long term use.  
In this chapter, we investigated the effect of HPT deformation on biocompatibility of TiNi alloys by 
examining  their cytocompatibility, protein adsorption behavior and Ni ion release. 
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3.2 Experimental Procedures 
3.2.1 Material preparation 
The samples were prepared and polished as described in Section 2.2.1. The polished samples were 
then cleaned ultrasonically for 15 min in acetone. The sample disks were sterilized using ethylene oxide 
gas (EOG) for 23 hrs. at 44 °C. 
3.2.2 Cell cultures 
The cells used in this study was murine fibroblast L929. The L929 were maintained in Eagle’s 
minimal essential medium (Nissui Pharmaceutical Co., Ltd, Japan) supplemented with 10% (v/v) fetal 
bovine serum (FBS), abbreviated as EMEM+FBS. The supplemented essential cell culture medium is 
henceforth referred to as “cell culture medium”. L929 were cultured in cell culture medium at 37°C under 
5% CO2 in a humidified air incubator prior to use. The cells were grown in a 25 cm
2
 cell culture flask. 
Prior to cell passage, the cell culture medium in the flask was discarded and the cells were washed once 
with sterile phosphate buffered saline. Cell were then exposed to trypsin solution and incubated at 37°C 
for 3 minutes until the cell monolayer had dislodged from the flask. A single cell suspension was 
generated by pipetting and centrifuged for 3 minutes. The supernatant was removed and the pellet 
containing the cells was re-suspended in 10ml of cell culture medium. Cells were then counted using a 
haemocytometer. The average of four different counts was used to calculate cell numbers in a 10 ml 
suspension. 
3.2.3 Cytocompatibility Evaluation 
Cytocompatibility evaluation was performed following the Japanese guidance on cytotoxicity test 
methods for biological safety evaluation of medical devices as a direct contact method [15]. Then the 
samples were separately located into the bottom of 24-well microplates. Murine fibroblast L929 was 
cultured onto each disk at the concentration of 80 cells/well in 1 mL of the culture medium, Eagle’s 
minimum essential medium, E-MEM+FBS. The same number of cells was seeded into the well without a 
sample disk as a control. The cells were incubated at 37°C under 5 vol.% CO2 in humidified air for 7 days. 
After the incubation, the cells were fixed with 25 vol.% glutaraldehyde solution for 10 min and stained 
with 10 vol.% Giemsa’s staining solution for 15 min. Fig. 3.1 shows the surface of the samples with 
Giemsa’s stained colony. The stained colonies were observed by an optical microscope and their images 
were captured via a CCD camera. Then, relative plating efficiency (PE) was determined as follows: 
PE = [(Ns / As) / (Nc / Ac)]  Eqn. 3.1 
where Ns and Nc indicate the average numbers of colonies on the sample top surface and in the control 
well, respectively. As and Ac indicate the sample top surface area and the well bottom area, respectively. 
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These experiments were performed in triplicate. Obtained PE data was statistically analyzed by paired 
Student’s t-test. 
 
Fig. 3.1 Giemsa-stained samples showing the colony on the Ti-50mol%Ni samples surfaces. 
3.2.4 Nickel ion release 
Ni ion release from the sample into E-MEM+FBS during cell culture was analyzed. After 7 days of 
cell culture, the culture media for three samples were separately collected and mixed for the measurement 
of Ni ion concentration in the media by inductively coupled plasma mass spectrometry (ICP-MS) at Biko 
Chemical Company Ltd. under the optimum condition. 
3.2.5 Protein adsorption analysis 
Protein adsorption analysis was performed for albumin and vitronectin by using silver-enhanced 
immunogold technique. This technique allows for visualization of surface markers by scanning electron 
microscope. After the EOG sterilization, the samples were placed in the 24-well microplates and 
immersed into 0.5 mL of E-MEM+FBS. The samples were placed in a CO2 incubator for 24 hrs. Then, 
the samples were rinsed with Dulbecco’s phosphate buffered saline [PBS(-)] and fixed immediately using 
10 vol.% formalin-methanol solution (Mildform® 10NM, WAKO Pure Chemical Industries, Ltd.) for 15 
min at room temperature. The samples were washed 3 times in 10 nM glycine in PBS(-), followed by 
blocking in 5 vol.% Goat Serum in PBS(-) for 15 min. Then the samples were incubated with a primary 
antibody (Anti albumin, bovine (rabbit), Cosmo Bio Ltd LB-1027, 1:2000 dilution, or Anti vitronectin, 
bovine (rabbit), Cosmo Bio Ltd., LB-2007, 1:2000 dilution) for 1 hr at room temperature. After the 
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incubation with the primary antibody, the samples were washed 3 times in 1 vol.% Goat Serum in PBS(-). 
The samples were then incubated with a gold-labeled secondary antibody (Anti IgG, rabbit (goat), labeled 
with gold 10nm, Sigma-Aldrich Co. Ltd, Sigma-G7402, 1:50 dilution) for 1 hr at room temperature. The 
samples were rinsed 3 times in 1 vol.% Goat serum in PBS(-) prior to fixing with 2.5 vol.% 
glutaraldehyde solution in PBS(-) for 10 min. The samples were washed in ultrapure water three times. 
Then, silver-enhancement was performed following the instruction given with the kit (Sigma Aldrich Co 
Ltd, silver-enhancer kit, SE-100). A negative control sample was prepared similarly, except the primary 
antibody step was omitted. A positive control samples was also prepared similarly except the samples 
were immersed in the 5% bovine serum albumin in PBS(-) for 24hr in CO2 incubator. Fig. 3.2 shows the 
typical micrograph of the antibodies negative and positive control. 
 
Fig. 3.2 SEM images of BHPT Ti-50mol% showing the negative and positive control. 
All samples were visualized using the secondary electron mode (magnification: 10,000x, accelerating 
voltage: 5kV) of the field-emission scanning electron microscope (FE-SEM; Hitachi S-4300, Hitachi Co., 
Ltd., Japan). Particle area fraction was calculated based on gray scale, threshold FE-SEM images using 
the ImageJ software [17]. Five images with the view size of 12.5 µm × 8.5 µm were analyzed for each 
sample. The obtained data were then statistically analyzed by paired Student’s t-test. 
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3.3 Results 
3.3.1 Colony formation and morphology 
Fig. 3.3 and Fig. 3.4 shows the typical microscopic images of the colony morphology formed on the 
surface of Ti-50mol%Ni and Ti-50.9mol%Ni respectively. As shown in Fig. 3.3(a), the colonies on BHPT 
samples have loose appearances with slightly bigger size of each cell. The colonies on N = 0.25, 0.5 and 1 
samples are more packed with smaller cells as shown in Fig. 3.3 (b)-(d). This may be due to the faster cell 
growth on the HPT-deformed samples. In high rotation samples (N = 5 and N = 10), the colonies formed 
on the surface are the mixture of tight-packed and loose ones though only the latter is shown in Fig. 
3.4(e)-(f). In Fig. 3.4(a) the colonies on the BHPT sample have loose appearances with slightly bigger 
size of each cell. However, the morphology of colonies formed on HPT deformed samples are more 
packed with smaller cells as shown in Fig. 3.4 (b)-(f). 
The PE of L929 cultured on the HPT-deformed samples is summarized in Fig. 3.5. For all samples, PE 
was higher than 1, indicating better plating efficiency on TiNi samples than the tissue culture polystyrene.  
Fig. 3.5(a) shows the plating efficiency of Ti-50mol%Ni samples. In comparison with the samples before 
HPT (BHPT), PE increased gradually with the number of HPT rotation until it reached maximum at N = 
1 though no statistically significant difference was observed. Then, PE slightly decreased at N = 5 and N 
= 10. In Ti-50.9mol%Ni, as shown in Fig. 3.5 (b),  PE increased gradually with the number of HPT 
rotation up to N = 0.5, and then, slightly decreased at N = 1 and 5 before it increased again at N = 10. 
However, there is no significant difference in the PE among the samples.  
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Fig. 3.3 Representative image showing colony morphology formed on the surface of (a) BHPT (b) N = 0.25 (c) 
N = 0.5, (d) N = 1, (e) N = 5 and (f) N = 10 Ti-50mol%Ni samples 
 
Fig. 3.4 Representative image showing colony morphology formed on the surface of (a) BHPT (b) N = 0.25 (c) 
N = 0.5, (d) N = 1, (e) N = 5 and (f) N = 10 Ti-50.9mol%Ni samples 
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Fig. 3.5 Plating efficiency of (a) Ti-50mol%Ni and (b) Ti-50.9mol%Ni. 
 
3.3.2 Ni ion release 
Nickel ion release in the cell culture medium after 7 day of cell culture is shown in Fig. 3.6. In Ti-
50mol%Ni (Fig. 3.6 (a)), the BHPT samples have the highest Ni ion release of 42.9 ng ml
-1
 cm
-2
. By the 
rotation of N = 0.25, the amount of released Ni ion was reduced to12.1 ng ml
-1
 cm
-2
. The Ni ion release 
for N = 0.5, 1, 5 and 10 samples were 3.74, 9.67, 3.32 and 3.14 ng ml
-1
 cm
-2
 respectively. Fig. 3.6 (b) 
shows the Ni ion release from Ti-50.9mol%Ni. The BHPT sample has the highest Ni ion release at 23.0 
ng ml
-1
 cm
-2
. By the rotation of N = 0.25, the amount of released Ni ion was reduced more than 5 folds at 
4.23 ng ml
-1
 cm
-2
. The Ni ion release of deformed samples was peaked at N = 0.5 at 7.86 ng ml
-1
 cm
-2
, and 
the lowest is at N = 5 as 3.14 ng ml
-1
 cm
-2
. 
3.3.3 Protein adsorption behavior 
Protein adsorption on the sample surfaces was investigated for albumin and vitronectin in the cell 
culture condition. Fig. 3.7(a) shows the albumin absorption on the Ti-50mol%Ni samples. BHPT has the 
lowest albumin absorption on the surface whereas N = 0.25 has the highest amount of absorbed albumin. 
For the samples with N = 0.25 and higher rotations, the amount of absorbed albumin started to decrease 
with the number of rotation. Fig. 3.7(b) shows the vitronectin absorption on the Ti-50mol%Ni sample 
surfaces. Vitronectin adsorption onto BHPT and HPT-deformed samples was relatively higher than 
albumin to these samples. Vitronectin adsorption was the highest at N = 1 samples, followed by BHPT. 
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HPT- deformed samples at low rotation (N = 0.25, 0.5, and 1) have higher vitronectin adsorption 
compared to those of the samples at high rotation (N = 5, 10). 
Fig. 3.8 (a) shows the variation in albumin absorption on the Ti-50.9mol%Ni samples. The albumin 
adsorption was found to gradually increase from BHPT to N = 0.5 and to decrease up to N = 5 before it 
increased again at N = 10. Fig. 3.8(b) shows the vitronectin absorption on the Ti-50.9mol%Ni sample 
surfaces. Vitronectin adsorption had the similar trend to that of albumin adsorption; it was higher on the 
low rotation samples being maximum at N = 0.5 than BHPT, while those on high rotation samples (N = 5 
and N = 10) did not show any significant difference to that on BHPT. As same as Ti-50mol%Ni, the 
vitronectin adsorption was higher that albumin adsorption on all samples.   
 
Fig. 3.6 Ni ion release from (a) Ti-50mol% Ni and (b) Ti-50.9mol%Ni as a function of HPT rotation.  
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Fig. 3.7 (a) Albumin and (b) vitronectin adsorption on Ti-50mol%Ni as function of HPT rotation. 
 
 
Fig. 3.8 (a) Albumin and (b) vitronectin adsorption on Ti-50.9mol%Ni as function of HPT rotation. 
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3.4 Discussion 
3.4.1 Effect of HPT on the colony formation behavior 
Cell growth behavior on the sample surface is used to evaluate the effect of HPT deformation on the 
cytocompatibility of TiNi samples. Colony formation on the samples with and without HPT deformation 
shows a slight increase in the average colony number especially around N = 1, even though there is no 
significant difference among the samples. The average colony number was the lowest on the BHPT 
samples and peaked at N = 1 sample in Ti-50mol%Ni and N = 0.5 in Ti-50.9mol%Ni, indicating the 
improvement in TiNi cytocompatibility by HPT deformation. It is noted that the trend of PE (peaked at N 
= 1 for Ti-50mol%Ni and N = 0.5 for Ti-50.9mol%Ni) agreed with the trend of FWHM shown in Fig 
2.2(b) and Fig. 2.3(b), respectively. The colony morphology on the samples was also observed to change 
depending on the HPT rotations. In Ti-50mol%Ni, the colony morphology on BHPT was loose whereas 
those on low rotation samples (N = 0.25, 0.5 and 1) were tight and dense. On high rotation samples (N = 
5 and 10), those were the mixture of close and loose packs. The same behavior was observed in Ti-
50.9mol%Ni in which the colony formed on the HPT deformed samples were denser in comparison to 
BHPT sample. Few damaged cells were also observed on the BHPT samples, indicating the sign of 
cytotoxicity. The changes in the colony morphology suggest the difference in protein adsorption behavior 
and cell-material interaction on BHPT and HPT-deformed samples. The close packed colony is associated 
with the improved cell integration [10] and good cell-cell interaction. 
Surface characteristics of materials, such as their topography, chemistry or surface energy, play an 
essential part in cell adhesion on biomaterials. The attachment, adhesion and spreading of cell during first 
phase of cell and material interactions influence the cell’s capacity to proliferate or differentiate on 
contact with the implant. As demonstrated in Chapter 4, the surface chemistry of the TiNi alloys show 
changes after HPT deformation. Increase in the dislocation density increased the reactivity of the surface, 
and this might influence the cell growth behavior. High density of the surface charges leads to dense 
arrangement of attached cells [11].  
3.4.2 Suppression of Ni ion release by HPT deformation 
One of the causes for improvement in cell-cell integration as discussed in section 3.4.1 is the 
suppression of Ni ion release from the HPT-deformed samples into the culture medium during cell culture 
(see Fig. 3.6). The suppression of Ni ion release was also reported for ultrafine-grained TiNi prepared by 
ECAP [12]. In case of a TiNi alloy, suppression of cell growth is reported due to the presence of Ni ion in 
the cell culture medium. The presence of metallic Ni in the cell culture medium was found to be  [1,13]. 
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The Ni ion release has drastically reduced only with a quarter turn of HPT, but has a slight increase at 
N = 1. The XRD pattern of N = 1 sample obtained in indicates the least peak intensity of martensitic 
phase (B19’) which slightly increased on N = 5 and N = 10 sample surfaces. This microstructural change 
may influence the passive film formation kinetics and thus, influences Ni ion release. The slight increase 
in Ni
[Me]
/Ti
[Me]
 at N = 1 and its good correlation to the Ni ion release (Fig.3) support above hypothesis.  
The slight increase in cell growth, cell integration and drastic decrease in Ni ion release will be 
beneficial for biomedical application of TiNi alloys, since the biocompatibility of metallic biomaterials 
depends on their stability in biological condition and surface physicochemical properties. The former 
directly decides the released amounts of degradation products, whereas the latter controls protein 
adsorption behavior and following cellular response. For metallic biomaterials currently applied to 
implant devices, the former is more important since the effect of released metal ions or debris is crucial 
on cell survival.  
3.4.3 Effect of HPT on the protein adsorption behavior 
Protein adsorption on a material surface is important since it determines cellular response on the 
surface. Adsorbed proteins coordinate to receptors on cell membranes, leading to cellular adhesion to 
material surface [14,15]. Therefore, the protein adsorption was examined by immune reaction for specific 
types of proteins, namely albumin and vitronectin. In this study, vitronectin adsorption is relatively high 
than that of albumin even though the concentration of albumin in FBS is much higher than that of 
vitronectin. Vitronectin is one of the abundant glycoprotein present in plasma that helps promote cell 
adhesion and reorganization of the actin microfilaments [19], which is an important process for cell 
motility and growth.  
In Ti-50mol%Ni albumin adsorption was found to be higher on the HPT-deformed samples, and 
decreased along the increase in the HPT rotations. Meanwhile the vitronectin adsorption was the highest 
at the N = 1 samples, followed by the BHPT samples. For the samples with low HPT rotations (N = 0.25, 
0.5, and 1), increased along the increase in the HPT rotation whereas it decreased for the samples over N 
= 5. This might be due to the good affinity of vitronectin with TiO2 [20]. In Ti-50.9mol%Ni, the 
adsorption of both albumin and vitronectin onto TiNi surface also had the similar trend to each other; it 
increased by the HPT deformation up to N = 0.5, decreased to N = 5, and increased again at N = 10. It is 
interesting to note that the trend of PE shown in Fig. 3.5 followed the behavior of vitronectin adsorption. 
This may be attributed to the higher affinity of vitronectin to the substrate surface leading to its function 
as cell adhesive molecules. 
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Although it is not clearly understood, this observation suggests the correlation between the 
bioperformance and the phase changes in the samples due to HPT deformation. Low rotation samples (N 
= 0.25, and 0.5) were mainly in mixture of nanocrystalline B2 and martensitic B19’ phases, and the latter 
was substituted by the B2 phase with further HPT deformation at N = 1 and 5. A. Michiardi et al. reported 
that the martensitic TiNi has higher albumin adsorption than the austenitic one [21], which suggests that 
the appearance and area fraction of the martensitic phase causes the increase in protein adsorption in the 
present study. The increase of deformation-induced martensites also increases the complexity of the 
sample microstructure, which probably gives more surface active sites such as grain boundaries. These 
active sites are considered to be effective to accelerate the adsorption of organic molecules including 
proteins.  
3.5 Conclusion 
In this chapter, we have demonstrated the effect of HPT deformation on the cell growth, protein 
adsorption and Ni ion release behavior of TiNi alloys. The phase and microstructural changes due to HPT 
deformation was found to alter the protein adsorption behavior on the surface. Ni ion release as well as 
protein adsorption behavior influences L929 cell growth and colony morphologies on the TiNi alloys 
surface. The Ni ion release was also found to decrease with the HPT deformation. The results obtained 
suggest the possibility of controlling biocompatibility of TiNi alloys by HPT deformation via their 
stability in biological condition and protein adsorption behavior onto their surfaces, which can contribute 
to widen the application of bare TiNi alloys in the biomedical field. 
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Chapter 4 Surface characterization of HPT deformed TiNi alloys 
 
 
 
 
 
 
4.1 Introduction 
When a material contacts with physiological environment, change in the surface physical properties 
and chemistry might occur. Enhanced mobility and higher reactivity of surface atoms, in comparison to 
bulk, leads to change in phase transformation, crystallization or dissolution (corrosion) process. Surface 
characteristic plays an important factor in determining the biocompatibility of an alloy.  
Thus, in order to understand the difference of surface and bulk properties, a study on the chemical 
composition and atomic arrangement is crucial. In Chapter 2 and 3, it was shown that the HPT 
deformation suppressed the Ni ion release into the cell culture medium. The metal ion release was 
primarily dictated by the surface of an alloy. In a passive metal such as TiNi alloys, the naturally occurred 
passive film protects the metal going into active dissolution.  
This study is primarily aimed at a better understanding on the composition of the passive film in the 
TiNi alloys before and after HPT deformation. The change in surface characteristics after the cell culture 
was also investigated to shed some light in the change of surface after cell culture. The experimental 
works focuses on the elemental analysis of the surface chemistry and their changes. The systematic X-ray 
photoelectron spectroscopic study of TiNi alloys before and after cell culture is reported. 
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4.2 Experimental method 
4.2.1 Sample preparation 
TiNi alloys prepared as in Section 2.2.1 were cleaned and sterilized by EOG to mimic the surface 
condition of the TiNi alloys prior to cell culture. For the investigation after cell culture, samples were 
rinsed with PBS(-), trypsinized for 3 min to remove adhering cells on the surface, and rinsed in the 
ultrapure water in the ultrasonic bath.   
4.2.2 X-ray photoelectron spectroscopy 
X-ray photoelectron spectroscopy (XPS) was used to characterize the surface of the samples. The XPS 
spectra were obtained by an XPS system (K-Alpha, Thermo Fisher Scientific Inc.) with a monochromatic 
Al-Kα (energy=1486.71 eV). Samples were positioned at the electron take-off angle normal to the surface 
with respect to the analyzer. Survey spectra in the range 0-1400 eV were recorded for each samples 
followed by high resolution XPS peaks for Ti 2p, Ni 2p, O-1s and C 1s. For the analysis, all peaks were 
referenced relative to the main C-1s peak at 285.0 eV. Peak deconvolution and elemental atomic 
quantification were determined from the high resolution spectrum using XPS peak-fitting software (XPS 
Peak 4.1). To estimate the photoelectron peak intensities, the background was subtracted from the 
measured spectrum according to Shirley’s method. The quantitative determination of the chemical 
compositions of the surface oxide were calculated using a published method [1]. Corrections were made 
for the transmission function of the spectrometer supplied by the manufacturer.  The inelastic mean free-
path of the electrons was assumed to scale with their kinetic energy E as E
0.6
.  
The XPS depth profiles were recorded using Ar+ ion bombardment at 3 kV energy, with a raster size 
of 4 × 4 mm. The thickness of the surface oxide was estimated as the point at which the oxygen peak 
reached half of its maximum concentration. The sputtering rate of 2.72 nm/min was determined against 
SiO2 standard and also checked by the crater depth.  
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4.3 Results 
4.3.1 Surface characterization of Ti-50mol%Ni 
Overall survey and high resolution spectra of major elements were measured and recorded. Fig. 4.1 
shows a typical survey spectrum from BHPT TiNi alloys before the cell culture. The major elements 
detected are carbon, oxygen, titanium and nickel. High resolution spectra of each element were used to 
investigate the effect of HPT processing on the formation of the passive film. Chemical compositions of 
the passive films on the TiNi sample surface before and after HPT prior to cell culture as obtained from 
XPS spectra are presented in Table 4.1. 
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Fig. 4.1 A representative survey XPS spectrum of (a) BHPT Ti-50mol% Ni and (b) BHPT Ti-50.9mol%Ni. 
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Table 4.1 Chemical composition of the Ti-50 mol%Ni surface samples as measured by XPS 
Sample 
Atomic concentration (at%) 
Ni
[Me]
/Ti
[Me]
 
C1s Ti2p O1s Ni2p 
BHPT 31.83 19.06 46.87 2.24 3.96 
N =0.25 33.7 19.65 44.87 1.78 1.38 
N = 0.5 49.6 9.97 37.47 2.96 1.15 
N = 1 58.31 6.26 31.34 4.09 1.22 
N = 5 60.54 3.91 32.79 2.76 1.00 
N = 10 63.78 5.85 28.77 1.61 1.01 
 
 
Table 4.2 Chemical composition of the Ti-50 mol%Ni surface samples as measured by XPS after cell culture 
Sample 
Atomic concentration (at%) 
Ti/Ni O
2-
 /OH
- 
C1s Ti2p O1s Ni2p N1s 
BHPT 56.44 7.84 30.14 0.57 5.01 13.75 0.44 
N = 0.25 47.1 12.05 37.36 0.32 3.17 37.66 1.13 
N = 0.5 53.33 8.57 32.66 0.8 4.63 10.71 0.62 
N = 1 52 6.88 30.72 0.54 9.86 12.74 0.64 
N = 5 64.86 1.87 19.92 0.16 13.19 11.69 1.20 
N = 10 67.47 3 22.52 0.4 6.62 7.50 1.08 
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Fig. 4.2 Deconvolution of C1s peak on Ti-50mol% BHPT sample. 
C 1s  spectra. The C 1s peak obtained from all the samples were further deconvoluted into 3 peaks: 285 
eV (C-C, C=C or C-H), 286.5 eV (C-O single bond) and 288.4 eV (carboxyl or amide group) [2-5] as 
shown in Fig. 4.2. Fig. 4.3(a) shows the series of C1s peaks obtained from the XPS prior to cell culture. 
Since none of the carbon peaks were detected at higher energy binding region, it was concluded that the 
carbon on the surface originated from contaminant carbon [6-8]. Furthermore, after sputtering for 50s this 
carbon peak disappears indicates that the carbon peak arises from contamination.  Fig. 4.3(b) shows the C 
1s peak obtained from all the samples after cell culture, which were also can be further deconvoluted into 
3 peaks at energies of 285, 286.5 and 288.4 eV. In comparison to the XPS spectra of the sample before 
cell culture, the C 1s peaks after cell culture shows some increase in the latter two peaks. These two peaks 
were considered to be originated to the adsorption of organic compounds, but some of them occurred 
before the samples are employed to the cell culture [9]. The peak at the highest binding energy (288.4 eV) 
corresponds to carboxyl or amide groups. All of these peaks may come from the adsorbed organic 
compounds such as proteins, amino acids, and carbohydrates during the cell culture[3,10].  
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Fig. 4.3 Series of C1s peak of Ti-50mol%Ni (a) before and (b) after cell culture. 
Ti 2p spectra. High resolution XPS of the Ti 2p spectra (Fig. 4.4) shows the major peaks at binding 
energies at 459 eV and 465 eV, which corresponds to Ti 2p3/2 and Ti 2p1/2 states of the stoichiometric 
TiO2 (Ti
4+
). Further deconvoluted peaks show a doublet at 454.2 eV (Ti 2p3/2) and 460.4 eV (Ti  2p1/2) 
which correspond to metallic Ti (Ti
 [Me]
) in the substrate [11,12]. It is expected to detect Ti
 [Me]
 originated 
from the substrate since passive film formation at room temperature for TiNi typically reaches the 
equilibrium at around 3 nm [13].  
High resolution XPS of the Ti 2p region shows the major peaks at the binding energies of 459 and 465 
eV, which correspond to Ti 2p3/2 and Ti 2p1/2 states of the stoichiometric TiO2 (Ti
4+
), respectively. The 
surface is completely covered by TiO2 as there is no metallic Ti (Ti
[Me]
) was detected from the XPS 
spectra. Ti/Ni ratio in Table I shows that all sample surfaces are highly enriched in titanium.  
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Fig. 4.4 Deconvoluted spectra of Ti 2p region of Ti-50mol%Ni BHPT sample. 
 
 
Fig. 4.5 Deconvolution spectra of O 1s region of Ti-50mol%Ni BHPT sample. 
O 1s spectra. The typical three-peak structure was used to fit the O 1s spectra as shown in Fig. 4.5. The 
primary peak with binding energy at 530.4 eV is associated with the metal oxide bond (O
2-
), which 
mainly corresponding to TiO2. The other two peaks, having binding energies at 531.5 eV and 533.2 eV, is 
associated with hydroxyl bond (OH
-
) and chemisorbed water H2O, respectively [25]. 
The TiO2 enrichment of the TiNi surface was supported by the O 1s spectra as shown in Fig. 4.6 (a). 
The main peak of O 1s in all samples prior to cell culture was at 530.4 eV. However, as the number of 
rotation increases, the OH
-
 and H2O peaks started to rise indicating changes in the chemical composition 
of formed passive films. In comparison to the spectra for the BHPT and N = 0.25 samples, OH
-
 and 
chemisorbed H2O peaks are obvious in the spectra for the samples after N = 0.5. Table 4.1 shows the 
Chapter 4 
53 
 
relative fraction of oxide component in O 1s spectra and the ratio of [OH
-
]/[O
2-
] on the surface films. 
With an exception for N = 0.25, [OH
-
] / [O
2-
] ratio in deformed samples is higher than those of BHPT, 
indicating the increase in the amount of [OH
-
]. 
Fig. 4.6(b) shows the normalized O 1s spectra of Ti-50mol%Ni after the cell culture. The major peak 
at O
2-
 was observed on the BHPT and N = 0.25 samples. However, the main peak started to shift to the 
position of OH
-
 for the samples with higher rotation over N = 0.5. 
 
 
Fig. 4.6 Series of O1s peaks of Ti-50mol%Ni (a) before and (b) after cell culture. 
 
Ni 2p spectra. Fig. 4.7 shows a series of Ni 2p3/2 core-level high resolution spectrum. In BHPT and N 
= 0.25 samples, a peak is observed at 852.7 eV which is associated with metallic Ni (Ni
[Me]
). The NiO is 
observed as a shoulder peak at 854.3 eV [14].  However, starting at N = 0.5, the binding energy shifted to 
higher energy with a major peak at 856.3 eV, which can be attributed to either Ni2O3 or Ni(OH)2, but 
probably to the latter since Ni2O3 is unstable compared to Ni(OH)2 [11,13]. The broad peak observed at 
862.3 eV is the satellite of Ni(OH)2 [15]. 
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Fig. 4.7 shows a series of Ni 2p3/2 core-level high resolution spectrum before and after cell culture. 
Before cell culture, for BHPT and N = 0.25, the main peak was observed at 852.7 eV, which is associated 
with metallic Ni (Ni
[Me]
) [14]. However, another peak at 856.3 eV was observed for the samples with 
higher rotation over N = 0.5. This peak can be attributed to either Ni2O3 or Ni(OH)2, but probably to the 
latter since Ni2O3 is unstable compared to Ni(OH)2[11,13]. The broad peak observed at 862.3 eV is the 
satellite of Ni(OH)2[15]. 
 
 
Fig. 4.7 Series of Ni 2p peaks of Ti-50mol%Ni (a) before and (b) after cell culture. 
 
The ratio of the metallic-state to the oxide-state intensity of the XPS spectrum, Ti
[Me]
/Ti
[Ox]
 for 
titanium and Ni
[Me]
/Ni
[Ox]
 for nickel are presented in Fig. 4.8. The  Ni
[Me]
/Ni
[Ox]
 ratio is generally much 
larger than Ti
[Me]
/Ti
[Ox]
, as the formation of nickel oxide is thermodynamically less favorable than that of 
titanium oxides.  Fig. 4.8(a) reveals a tendency of increase in Ti
[Me]
/Ti
[Ox]
 with the number of turns in HPT 
(N) except N = 1. As seen in Fig. 4.8(b), the Ni
[Me]
/Ni
[Ox]
 value for the BHPT sample is 2 times larger than 
that of N = 0.25 sample. Ni
[Me]
/Ni
[Ox]
 value continued to decrease and stayed below 1 with further 
rotations. This shows that the metallic Ni on the surface of the sample decreases as more Ni is oxidized 
with increasing N. 
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Fig. 4.8 Ratio of (a)Ti[Me] / Ti[Ox] and (b) Ni[Me] /Ni[Ox]  as function of HPT rotation of Ti-50mol%Ni . 
 
Fig. 4.9 shows the N 1s peaks obtained from all the samples, which somewhat indicate protein 
adsorption since no N 1s peaks were detected on the surface before the cell culture[9]. The N 1s peak 
recorded at 400 eV is typical to nitrogen in organic matrix. Atomic fraction of nitrogen from the XPS 
gives the indication on the amount of protein adsorbed on the surface[16]. The detected amount of 
nitrogen is higher on the high rotation samples (N = 1, 5 and 10) than BHPT and low rotation samples   
(N = 0.25 and 0.5).  
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Table 4.3 Summary of contribution for each species from Ti-50mol% O1s and C1s spectra before and after cell culture  
 
Percentage of species from O1s spectra 
 
Percentage of species from C1s spectra 
 
Before cell culture 
 
After cell culture 
 
Before cell culture 
 
After cell culture 
Sample O
2-
 OH
-
 H2O 
 
O
2-
 OH
-
 H2O 
 
C-O C=O COOH 
 
C-O C=O COOH 
BHPT 63.51 27.41 9.08 
 
49.34 21.64 29.02 
 
82.72 8.26 9.02 
 
72.69 19.54 7.77 
N = 0.25 81.01 12.10 6.90 
 
39.55 44.89 15.56 
 
77.61 11.95 10.44 
 
78.18 12.16 9.66 
N = 0.5 28.51 30.11 41.38 
 
46.89 28.93 24.18 
 
79.55 14.30 6.15 
 
61.64 30.85 7.52 
N = 1 47.88 30.67 21.45 
 
44.48 28.55 26.97 
 
71.94 20.72 7.34 
 
55.46 28.39 16.15 
N = 5 13.60 31.75 54.65 
 
34.16 40.93 24.91 
 
80.33 12.38 7.29 
 
56.41 28.96 14.63 
N = 10 49.95 42.30 7.75 
 
32.64 35.39 31.97 
 
60.20 31.61 8.19 
 
60.10 28.69 11.21 
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Fig. 4.9 Series of N 1s peaks of Ti-50mol%Ni after cell culture. 
Depth profiles analysis. Depth profiles of BHPT, N = 0.25 and N = 5 samples prior to cell culture are 
shown in Fig. 4.10. For all the samples, titanium concentration was around 30 at% in steady-state due to 
the preferential sputtering of titanium while nickel concentration was around 50 at%. The oxygen 
concentration was at the maximum at the surface and steadily decreased with the depth from the surface. 
For the BHPT sample (Fig. 4.10(a)), the passive film thickness was found to be 5 nm. For N = 0.25 (Fig. 
4.10(b)), the passive film thickness was found to be 12.65 nm. The plateaus of the O and Ti profiles near 
the surface indicate that protective TiO2 covered the surface of the sample. For N = 5 (Fig. 4.10(c)), the 
passive film thickness was found to be 9 nm. The oxygen profile shows the maximum at the surface and a 
slight stepwise change until 150 s of sputtering before a steady decrease in concentration. The Ni depth 
profile shows a plateau from the surface until 150 s of sputtering before a steady increase to a steady state.  
Fig. 4.11 shows the depth profile of BHPT, N = 0.25 and N = 5 samples after to cell culture. For 
BHPT and N = 0.25, the depth did not change much. This may be due to the protectiveness of the TiO2 
form initially on the surface. However, increase in the thickness of the surface oxide of the N = 5 sample 
after cell culture was observed.  
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Fig. 4.10 Depth profile for (a) BHPT, (b) N = 0.25 and (c) N = 0.25 before cell culture. 
 
 
Fig. 4.11 Depth profile for (a) BHPT, (b) N = 0.25 and (c) N = 0.25 after cell culture. 
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4.3.2 Surface characterization of Ti-50.9mol%Ni 
Chemical compositions of the passive films on the TiNi sample surfaces before the cell culture were 
obtained from XPS spectra, as presented in Table 4.4. The major elements detected are carbon, oxygen, 
titanium, and nickel. The samples were dominated by carbon and oxygen. The range of total Ti/Ni ratio 
was 2.32-11.64, which indicates highly enriched titanium at the surface. Further examination of metallic 
Ni to metallic Ti ratio shows excess of metallic Ni in all samples except N = 10. This is expected since 
the composition of the alloys used is slightly rich in Ni as Ti-50.9 mol%Ni. 
Table 4.5 shows the elemental compositions on the surface after the cell culture. Additional element, 
nitrogen, was detected besides the four elements shown in Table 1. The increase in the total Ti/Ni ratio is 
observed in all samples after the cell culture. This observation can be attributed to the enrichment of Ti on 
the surface, but high resolution spectra of Ni 2p after the cell culture is too weak to properly quantify the 
Ti/Ni ratio.  
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Table 4.4 Chemical composition of the Ti-50.9mol%Ni surface samples as measured by XPS 
Sample 
Atomic concentration (at%) 
Ni
[Me]
/Ti
[Me]
 Ti/Ni 
C1s Ti2p O1s Ni2p 
BHPT 58.29 2.28 38.68 0.75 1.60 3.05 
N = 0.25 68.54 2.53 27.83 1.09 1.52 2.32 
N = 0.5 51.37 5.45 42.72 0.47 1.49 11.64 
N = 1 56.32 1.96 40.89 0.82 1.48 2.38 
N = 5 31.07 6.24 60.77 1.92 1.92 3.25 
N = 10 49.63 3.51 45.54 1.33 1.07 2.64 
 
Table 4.5 Chemical composition of the Ti-50.9mol%Ni surface samples after cell culture as measured by XPS 
Sample 
Atomic concentration (at%) 
Ti/Ni 
C1s Ti2p O1s Ni2p N1s 
BHPT 51.70 3.03 34.37 0.22 10.68 13.66 
N = 0.25 60.91 1.14 28.66 0.26 9.04 4.43 
N = 0.5 57.56 2.30 34.90 0.37 4.87 6.14 
N = 1 52.42 2.34 34.57 0.37 10.30 6.32 
N = 5 54.13 2.44 31.86 0.38 11.19 6.45 
N = 10 67.86 0.60 21.84 0.21 9.49 2.81 
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C 1s spectra. The C 1s peak obtained from all the samples before and after the cell culture was shown 
in Fig. 4.12 (a) and (b), respectively. The spectra were further deconvoluted into 3 peaks: 285 eV (C-C, 
C=C or C-H), 286.5 eV (C-O or C-N) and 288.4 eV (carboxyl or amide group) [5]. Since none of the 
carbon peaks were detected at the higher energy binding region, it was concluded that the carbon on the 
surface originated from not chemically bind but physically adsorbed organic molecules as contaminants 
[6-8]. Even after the cell culture, the C 1s spectrum is still dominated by the peak at 285 eV but there is 
observable increase at the highest binding energy (288.4 eV) which corresponds to carboxyl or amide 
groups. This increase suggests the adsorbed organic compounds such as proteins, amino acids, and 
carbohydrates during the cell culture [3,10]. 
Fig. 4.13 shows the series of normalized O 1s spectra with three peaks at 530, 531.5, and 533.2 eV, 
which correspond to oxide group (O
2-
), hydroxyl group (OH
-
), and chemisorbed water H2O, respectively. 
Before the cell culture (Fig. 4.13(a)), broad O 1s peaks were observed in all samples except N = 0.5 and 5, 
which had a strong peak at the binding energy corresponding to O
2-
. After the cell culture (Fig. 4.13(b)), 
only BHPT samples show a strong peak corresponding to O
2-
. The HPT deformed samples show peak 
shifting toward the higher binding energy. N = 0.25 and 10 showed a strong peak at the energy 
corresponding to the chemisorbed H2O. 
Ti 2p spectra. High resolution XPS of the Ti 2p spectra reveals the major peaks at binding energies at 
459 eV and 465 eV, which corresponds to Ti 2p3/2 and Ti 2p1/2 states of the stoichiometric TiO2 (Ti
4+
). 
Further deconvoluted peaks show a doublet at 454.8 eV (Ti 2p3/2) and 460.4 eV (Ti 2p1/2) which 
correspond to metallic Ti (Ti
 [Me]
) in the substrate [11,12]. It is expected to detect Ti
 [Me]
 originated from 
the substrate since passive film formation at room temperature for TiNi typically reaches the equilibrium 
at around 3 nm [13]. Examination of the high resolution spectra of the Ti 2p region after the cell culture 
shows the major peak at Ti
4+
. The surface is completely covered by TiO2 as there is no metallic Ti (Ti
[Me]
) 
detected from the XPS spectra.  
Ni 2p spectra. Fig. 4.14 (a) and (b) shows a series of Ni 2p spectra before and after the cell culture, 
respectively. In Fig. 4 (a), two main peaks at 853 eV and 856.3 eV, which correspond to the metallic Ni 
(Ni
[Me]
) and Ni(OH)2 [11,13,14], were detected on all surfaces. After the cell culture, only BHPT sample 
shows a strong peak of Ni
[Me]
 while in deformed samples, the main peak has shifted to higher binding 
energy corresponding to Ni(OH)2. 
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Fig. 4.12 Series of C 1s peaks of Ti-50.9mol%Ni (a) before and (b) after cell culture. 
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Fig. 4.13 Series of O1s peaks of Ti-50.9mol%Ni (a) before and (b) after cell culture. 
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Fig. 4.14 Series of Ni 2p peaks of Ti-50.9mol%Ni (a) before and (b) after cell culture. 
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Table 4.6 Summary of contribution for each species from Ti-50mol% O1s and C1s spectra before and after cell culture 
  Percentage of species from O1s spectra   Percentage of species from C1s spectra 
  Before cell culture   After cell culture 
 
Before cell culture   After cell culture 
Sample O2- OH- H2O 
 
O2- OH- H2O 
 
C-O C=O COOH 
 
C-O C=O COOH 
BHPT 40.91 37.59 21.50 
 
47.35 29.39 23.26 
 
58.00 26.10 15.90 
 
72.69 19.54 7.77 
N = 
0.25 53.22 31.62 15.16 
 
28.18 47.63 24.19 
 
67.49 24.67 7.83 
 
78.18 12.16 9.66 
N = 0.5 57.90 24.25 17.85 
 
27.07 41.12 31.82 
 
53.81 39.08 7.12 
 
58.70 33.21 8.09 
N = 1 33.91 37.02 29.06 
 
42.84 32.55 24.60 
 
55.52 29.57 14.91 
 
49.90 33.11 16.98 
N = 5 56.89 28.25 14.87 
 
45.53 31.94 22.52 
 
74.90 13.40 11.70 
 
53.35 30.99 15.66 
N = 10 47.04 34.14 18.82 
 
27.90 49.74 22.36 
 
69.99 14.06 15.95 
 
57.00 30.92 12.08 
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N 1s spectra. The N 1s peaks obtained from all the surface of Ti-50.9mol%Ni after the cell culture is 
shown in Fig. 4.15 are originated from the adsorbed biomolecules since no N 1s peaks were detected on 
the surface before the cell culture. The N 1s peak recorded at 400 eV is typical to nitrogen in organic 
matrix [16]. 
 
Fig. 4.15 Series of N 1s peaks of Ti-50.9mol%Ni after cell culture. 
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Fig. 4.16 Depth profile of Ti-50.9 mol%Ni for (a) BHPT, (b) N = 0.25 and (c) N = 0.25 before cell culture. 
 
Depth profiles analysis. Depth profiles of BHPT, N = 0.25 and N = 10 samples prior to cell culture are 
shown in Fig. 4.16. For all the samples, titanium concentration was around 30 at% in steady-state due to 
the preferential sputtering of titanium while nickel concentration was around 50 at%. The oxygen 
concentration was at the maximum at the surface and steadily decreased with the depth from the surface. 
For the BHPT sample (Fig. 4.16 (a)), the passive film thickness was found to be 9 nm. For N = 0.25 and 
N=10 , as shown in Fig. 4.16 (b) and (c) respectively, the passive film thickness was found to be at 14 nm.  
 
4.4 Discussion 
4.4.1 Effect of HPT on the surface composition of TiNi 
The corrosion behavior and ion release from TiNi are dependent on the surface conditions. Although 
TiNi contains a high amount of Ni, its good biocompatibility is mainly due to the protective inert Ti 
oxides on the surface as well as strong bonding between Ti and Ni atoms. Spontaneous formation of TiO2 
on the surface of TiNi is driven by the higher formation energy of TiO2 (-956 kJ mol
-1
 [17] ), compared to 
that of Ni(OH)2 (-529.7 kJ mol
-1
 [18]) and NiO (-241 kJ mol
-1 
[17]). The formation of TiO2 is 
accommodated by oxygen migration towards NiTi substrates and Ni migration towards the surface. As 
the oxidation progresses, O atoms diffuse inwards [19]. 
Several studies on the oxidation of TiNi by heat treatment or by chemical surface treatment revealed 
that the preferential formation of TiO2 on TiNi surface caused Ni enrichment underneath the surface 
oxide layer, resulting in the increased Ni ion release [20,21].   
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A high density of dislocations, grain refinement and amorphization induced by HPT in TiNi influences 
the formation of passive film on TiNi. Investigation of passive films formed on the Ti-50mol%Ni surface 
showed a change in the chemical composition of the films. Most striking observation in the XPS data was 
the continuous decrease of metallic Ni enrichment in the passive film with HPT rotation. Further analysis 
of the ratio of proportion of metallic Ni to metallic Ti on Ti-50mol%Ni surface prior to cell culture, as 
shown in Fig. 4.17, supports this observation. As the metallic component is expected to come from the 
substrate, this ratio should be 1. However, in BHPT, the ratio of Ni
[Me]
/Ti
[Me]
 is 3.96, indicating an 
enrichment of Ni on the sample surface. HPT samples show decrease in the Ni
[Me]
/Ti
[Me]
  ratio along HPT 
rotation, showing almost no Ni enrichment on the surface. The atomic concentration of metallic Ni 
obtained from XPS peak intensities also decreases with the number of HPT rotations as shown in Fig. 
4.7(a). 
 
Fig. 4.17 Ratio of proportion of the metallic Ni to metallic Ti on the film oxide of Ti-50mol%Ni as the function 
of HPT rotation. 
 
4.4.2 Effect of HPT on the TiNi passive film formation  
Another interesting observation was even though the atomic concentration of the HPT deformed 
samples did not vary much to BHPT sample, the constituent of the passive film of HPT deformed is not 
only composed of TiO2 but also Ni(OH)2. A study by Qin et. al have found out that XPS examination on 
nanocrystalline Ni passive film shows the passive layer mainly composed of stable and continuous 
Ni(OH)2, leading to better corrosion resistance in comparison to coarse grain Ni [22]. Formation of high 
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fraction of passive layer is due to the higher grain boundary density, which increase the electrochemical 
reactivity during the corrosion process. 
Schematic illustrations of passive film formation on the surface of BHPT and HPT deformed samples 
are shown in Fig. 4.18. In BHPT TiNi (Fig. 4.18(a)), the preferential oxidation of Ti has left behind 
metallic Ni underneath the oxide layer, forming a Ni enriched layer. The Ni enriched layer retarded 
further oxidation of Ti as it acts as a diffusion barrier for Ti in the substrate leading to a thin oxide layer 
(Fig. 7(a)) [23]  and the high Ni content underneath the thin oxide layer (Fig. 5(b)). The Ni enrichment is 
detrimental to the biocompatibility of the TiNi since it may act as a reservoir for the continuous Ni ion 
release especially when the TiNi was immersed in a body fluid. Furthermore, as the size of Ni atom is 
smaller than that of Ti underneath the surface oxide, this Ni may readily diffuse out from the defective 
oxide layer [24].  
Fig. 4.18 (b) and (c) shows a schematic illustration of passive film formation on the HPT deformed 
samples consisting of a mixture of nanocrystalline and amorphous structure. The decrease in Ni 
enrichment and the increase in the passive film thickness in HPT deformed TiNi can be explained as 
follows. The increase in dislocation density and nanocrystallization by HPT helps to eliminate the Ni 
enrichment layer by changing the kinetics of passive film formation. In smaller HPT rotation (N =0.25 
and 0.5), high density of dislocations and nanocrystalline grains are major constituents of the 
microstructures. Increasing the density of dislocations allows the formation of thicker protective TiO2 
layer on the sample surface as evidenced in Fig. 4.18 (b). As the number of rotation increases, the volume 
fractions of the amorphous phase increases, leading to thinner layer of TiO2 than smaller HPT rotation. 
However, the passive film thickness on high rotation samples still increased when compared to BHPT due 
to formation of Ni(OH)2 beneath the TiO2 layer. Appearance of new peak in Ni 2p3/2 and O 1s spectra 
were observed, indicating the change of Ni oxidation states in the passive film from metallic Ni to 
Ni(OH)2. High defect density and structural/chemical disorder in the amorphous region allow faster 
transport of point defects, which accelerate the passive film formation kinetics [25] and facilitate the 
formation of an uniform passive oxide layer. Defects also allow the increase in Ni and Ti cations to 
compensate excess vacancies on the surface layer [14]. The high defect density also increases the 
diffusivity of metal Ni into the passive film, where metallic Ni reacts with O to produce NiO and Ni(OH)2. 
Furthermore, an increase in the defect density makes the surface more reactive, which encourages the 
chemisorption of the water and hydroxide, as shown in Table 2 as a general tendency [17]. Continuous 
supply of metal vacancies by the defects in HPT deformed samples explains the continuous oxidation 
during passive film formation, hence the thicker passive film [26,27]. All of these behaviors contribute to 
increase passive film thickness and to decrease Ni enrichment beneath the surface in HPT samples. 
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Fig. 4.18 Schematic illustration of passive film formation. 
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4.4.3 Effect of cell culture to the passive film in TiNi  
Although metal has been used as an implant material, there is some concern regarding its usage for 
long term usage as it will undergoes corrosion or generate particulate debris from abrasion. The corrosion 
of the metal in the host also cause premature structural failure and accelerated releases of metal particles 
and ions. Metal ion release may lead to hypoallergenic and carcinogenic effect. The concern in metal 
usage as an implant is due to the corrosion of the metal inside the body due to the interaction between the 
physiological fluid and cell with the metal surface. Since surface phenomena play a critical role in 
biological performance, thus the behavior of TiNi surfaces in the biological environment needs to be 
critically evaluated. 
After cell culture, relative concentration of each species in C 1s, Ni 2p and O 1s spectra was observed 
to change, an indication of a dynamic surface. The changes were more prominent in the HPT deformed 
samples. In both alloys, the C 1s spectra shows increase in the C=O and carboxyl group peaks The 
increase in these two components may be attributed to the adsorption of organic constituents [28]. In the 
O 1s spectra, the shift of binding energy from O
2-
 to higher binding energy (OH
-
 and H2O) was observed 
with more distinct change in sample undergoes higher rotation.  
 
4.5 Conclusion 
The decrease in Ni enrichment in HPT samples suggests suppression of Ni ion release when it is 
implanted in the human body. The thicker oxide film formation on the HPT samples is also a positive 
factor for the improvement of corrosion resistance in the biological fluid. Changes in the chemical 
composition in the passive oxide film of HPT samples also suggest the possibility to influence the cellular 
response on the sample surface since cellular reaction depends on the kind, amount and conformation of 
adsorbed proteins onto materials surface. Therefore Ni release, corrosion resistance, cellular response and 
protein adsorption behavior is another important field for investigation. 
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Chapter 5 Electrochemical Characterization of TiNi alloys Deformed by 
High Pressure Torsion 
 
 
 
 
 
5.1 Introduction 
Biocompatibility of a metal heavily depends on its corrosion resistance. Corrosion of a TiNi implant is 
highly concern because of the Ni ion release that has negative effect on the surrounding tissue, inducing 
allergic response and carcinogenesis. The mechanical failures of implants also might happen as a result of 
corrosion.  
On the study of surface modification being proven to reduce the Ni ion release, it has been established 
that the uniformity, not thickness, of the passive oxide layer is more important to prevent TiNi from 
corrosion [1,2]. HPT deformation produced nanostructured materials consists of nanograins and 
amorphous region. The change in the structure (small grain size and high-volume fraction of grain 
boundaries) of the material may result in the different corrosion behavior from that of the coarse-grained 
material. Although TiNi has a good corrosion resistance due to the protective passive film which 
primarily composed of TiO2, the change in the microstructure may influence the corrosion behavior of 
TiNi.  
Potentiodynamic test in a physiological fluid provides a fast overview in understanding the general 
corrosion behavior of metallic biomaterials [3]. As most of metallic biomaterials are passivating alloys, 
the corrosion behavior of the alloy can be predicted based on the its polarization curve. 
In this section, the focus is on the electrochemical behavior of TiNi alloys when they are exposed to 
the cell culture medium. Electrochemical measurements were done to understand the corrosion behavior 
of TiNi alloys before and after HPT deformation. The changes in the corrosion resistance of the samples 
and the changes in passive behavior are discussed. 
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5.2 Experimental Methods 
5.2.1 Sample preparation 
The samples were prepared and polished as described in Section 2.2.1. The polished samples were 
then cleaned ultrasonically for 15 min in acetone. The sample disks were sterilized using ethylene oxide 
gas (EOG) for 23 hrs. at 44 °C. 
5.2.2 Electrochemical measurements 
Electrochemical measurements were carried out using a standard three electrode setup (a sample as a 
working electrode;  a platinum wire as a counter electrode and a silver/silver chloride in saturated KCl as 
a reference electrode with the surface area of 26.42 mm
2
 exposed to the cell culture medium, 
EMEM+FBS. Fig. 5.1 shows the corrosion cell set up used in the potentiodynamic test. The 
measurements were performed in an incubator with controlled environment at 37°C and 5% CO2, a cell 
culture incubation condition. The cell culture medium is settled in the CO2 incubator for 24 hours prior to 
the measurement to adjust its pH by dissolving and dissociation of CO2. The potential of the specimen 
was monitored over 1 hour, and the stabilized potential was used as the open-circuit potential (OCP). 
Potentiodynamic curves were scanned in the potential range from −0.5 V to 1.5 V relative to the OCP, at 
a rate of 0.5 mV/s. The potentiodynamic test were done using a VersaSTAT potentiostat, with running 
VersaStudio software (Princeton Applied Research, Oak Ridge, USA). Potentiodynamic polarization 
plots were used to calculate the corrosion potential (Ecorr) and corrosion current density (icorr) for all the 
samples using the Tafel extrapolation method.  Other corrosion parameter relating to the passive behavior 
of the samples such as passive current density (ipass), primary passive potential (Ep), and the critical 
current density (ic) at Ep can be extracted from the curve.  
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Fig. 5.1 Electrochemical cell setup used in this experiment.  
5.3 Results 
5.3.1 OCP Measurement 
The result of OCP-time measurement done in the cell culture medium is shown in Fig. 5.2(a) and Fig. 
5.2(b) for Ti-50 mol%Ni and Ti-50.9 mol%Ni respectively. It can be seen that for alloys, the OCP of 
HPT-deformed samples shifts towards to more positive rather than that of BHPT samples. In Ti-
50mol%Ni, the BHPT sample shows some decrease in OCP before finally stabilized at around 750s, 
indicating active dissolution of the passive film in cell culture media.  The HPT deformed samples, on the 
other hand, stabilized almost immediately upon immersion. The OCP of deformed Ti-50mol%Ni samples 
were ennobled to more than +70 mV. In Ti-50.9mol%Ni, the OCP of BHPT sample decreases before 
stabilized after 800 s. The observed decrease in OCP may be due to the attenuation of the air-formed 
passive film upon immersion in cell culture medium. On the other hand, the OCP of N=1 and N=5 
samples shows some increase in potential before stabilized, indicating the formation and growth of further 
passive film upon immersion in cell culture medium. The other HPT-deformed samples stabilized almost 
immediately. The OCP of deformed samples ennobled to more than +200 mV for Ti-50.9 mol%Ni. The 
shift of OCP towards the nobler direction indicates the passive nature of native oxides formed on the 
surface of the samples. 
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5.3.2 Polarization curves 
The potentiodynamic polarization curves for Ti-50 mol%Ni and Ti-50.9 mol%Ni are shown in Fig. 
5.3(a) and Fig. 5.3(b) respectively. All samples show the typical passive behavior. HPT-deformed 
samples of both TiNi alloys have a nobler corrosion potential (Ecorr) and a lower corrosion current (icorr) 
than BHPT samples. These results suggest that the corrosion resistance of TiNi alloys is improved after 
HPT deformation. Several important parameters, such as steady state passive current density (iSS) and the 
breakdown potential (Ebd) are extracted from the curves and shown in Table 5.1 and Table 5.2 for Ti-
50mol%Ni and Ti-50.9mol%Ni respectively. The steady state passive current density is marks as iss while 
the potential at which the passive film starts to breakdown is denoted as Ebd.  
For Ti-50 mol%Ni, a current plateau established spontaneously in the BHPT samples at around 0.3 
V indicating the presence of passive region in the solution. The iss of BHPT was found to be the highest. 
The HPT deformation was found to shift down the passive region to nobler region, suggesting the higher 
activity of the sample surface in the cell culture medium. In the HPT-deformed samples, more 
pronounced anodic peak corresponds to the start of active-passive transition was observed. The passive 
range in the deformed samples were slightly inclined until it reached constant between 0.6-0.8 V 
indicating further passive film formation in the cell culture medium. The passive region current density is 
found to be lower than that of the BHPT, suggesting the passive film formed on the surface of HPT-
deformed samples is more protective than that of the BHPT sample. A sudden increase in current density 
around 1-1.2 V denotes the breakdown of the passive range and the initiation of localized pitting 
corrosion. However, the pitting potential of all samples are almost identical, suggesting that the pitting 
resistance of TiNi does not change after HPT deformation. Nonetheless, the pitting potential occur more 
than 1 V from their open circuit potential, suggesting that the spontaneous pitting corrosion will not 
happen in the cell culture medium. The corrosion behavior of Ti-50.9 mol%Ni shown in Fig. 5.3(b) 
denotes the same trend observed in Ti-50 mol%Ni. The passive range of HPT deformed Ti-50.9 mol%Ni 
tended to be smaller than those of Ti-50mol%Ni. 
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Fig. 5.2 Open circuit potential of (a) Ti-50mol%Ni and (b) Ti-50.9 mol%Ni in cell culture media. 
 
 
Fig. 5.3 The potentiodynamic polarization of (a) Ti-50mol%Ni and (b) Ti-50.9 mol%Ni in cell culture media. 
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Table 5.1 Corrosion parameter of Ti-50mol%Ni 
 
OCP (mV) Ecorr(mV) Icorr (nA·cm
2) Iss(nA·cm
2) Ebd(V) 
BHPT -73.92 -139.84 71.23 1638.24 1.07 
N=0.25 22.08 68.95 50.76 1275.58 1.14 
N=0.5 40.79 48.63 5.16 418.96 0.95 
N=1 -8.59 -40.69 21.31 518.99 1.03 
N=5 -26.38 -36.15 13.84 927.55 1.04 
N=10 83.42 -29.99 46.07 1593.43 1.00 
 
Table 5.2 Corrosion parameter of Ti-50.9mol%Ni 
 
OCP (mV) Ecorr(mV) Icorr (nA·cm
2) Iss(nA·cm
2) Ebd(V) 
BHPT -125.75 -199.77 160.43 2055.47 0.96 
N=0.25 30.512 29.25 201.67 1246.78 0.96 
 N=0.5 -31.96 -36.72 8.922 1488.95 1.11 
N=1 -40.93 -42.23 50.64 1482.22 1.01 
N=5 -6.32 -6.52 74.93 1092.39 1.03 
N=10 -23.57 -23.00 16.77 1351.73 1.02 
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5.4 Discussions 
Nanocrystallization and amorphization induced by severe plastic deformation is shown to change the 
corrosion behavior of TiNi alloys. Investigation on open circuit potential reveals HPT deformation shifts 
the OCP of TiNi samples to more positive value in comparison to those of BHPT samples in both TiNi 
alloys. The shift towards more noble potential indicates the higher protectiveness of the passive film 
formed prior to immersion in the cell culture medium. The OCP for HPT samples also stabilized 
immediately or increase to higher potential signaling the stability of the passive film.  
The results of potentiodynamic test revealed that the samples after HPT deformation have more stable 
and protective oxide film on the surface. The higher passive current density of BHPT samples in both 
alloys than those of HPT-deformed samples indicates the defective nature of the passive film[4]. Slight 
incline in the beginning of the passive range in the HPT deformed samples indicates the passive film still 
continues to increase before finally reaching stable state. This behavior agrees with the XPS observation 
as discussed in Section 4.4.  
Passive film formed on TiNi alloys serves as strong barriers between TiNi alloys and the physiological 
environment. As discussed in Chapter 4, the passive film formed on TiNi alloys is comprised of TiO2, 
NiO and Ni(OH)2. However, after subjected to HPT deformation, the amount and composition of the 
passive films varies depending on the HPT rotations. It was concluded from the XPS observation in 
Section 4.4 that the thickness of the passive layer in HPT deformed samples equal or higher than that of 
BHPT sample. However, thicker passive film has been shown not necessarily advantageous [5]. Thick 
passive film, such as formed during oxidation process, might deteriorate the mechanical properties of the 
bulk layer. Thick oxide layers also susceptible to cracking [6]. The defective passive film allows for the 
elemental Ni to diffuse through and released to the surrounding environment.  
Although in general thicker passive films improve the corrosion resistance, the thickness is not the 
only factor influencing corrosion behavior of an alloy. Other factors, such as oxide structure, adherence to 
the substrate, presence of defect, and chemical composition, also play role in determining the corrosion 
rate. The uniformity and stability of the oxide is most important to protect the materials from corrosion 
[1]. Few works have been done in the investigation of the effect of nanocrystallization and amorphization 
on the corrosion resistance of TiNi. Amorphous TiNi alloys prepared by melt spinning also 
showsimprovement in corrosion resistance. Mathur et. al. attributed the corrosion resistance of amorphous 
TiNi alloys are due to the different oxide species on the surface oxide [7]. Recently, the effect of SPD 
process on the corrosion behavior of TiNi was also examined. Early work by Trepanier et. al. has shown 
that straining up to 10% did not affect the corrosion resistance of TiNi alloys [8]. Tsuchiya et. al. reported 
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that corrosion current density of Ti-50.9mol%Ni in 1M HNO3 decreases after shot-peened with Fe-C at 
0.6 MPa even though the surface area increases due to surface roughness [9]. Electrochemical 
investigation using physiological fluid on nanocrystalline TiNi alloys also has been reported. Amorphous 
and nanocrystalline Ti-50.2mol%Ni fabricated via HPT deformation process has been subjected to 
corrosion test in artificial saliva and Hank’s solution by Nie et. al. [10]. The amorphous and 
nanocrystalline TiNi shows better pitting resistance in comparison to microcrystalline TiNi. SEM images 
of the surface, as shown in Fig. 5.4, revealed the pitting damages in TiNi were less severe after subjected 
to HPT. Another works by Hu et.al. also shows corrosion resistance of Ti-50.8mol%Ni in 0.9% NaCl was 
enhanced after SMAT process due to readily protective formed passive film on the surface [11].  The 
enhanced corrosion resistance on other SPD-deformed passive alloys such as titanium and stainless steel 
also has been reported. Ultrafine grained Ti produced by ECAP had better corrosion resistance than 
coarse grain Ti in HCl and H2SO4 solutions [12].  Nanocrystalline 302 stainless steel prepared by ECAP 
also shows better corrosion resistance due to improvement in compactness and stability of the passive 
films [13].  
Despite the enhanced corrosion resistance of nanocrystalline and amorphous TiNi in various mediums, 
it is important to point out that the cell culture medium as used in this study is more complex as it 
contains not only inorganic species but also organic giant molecules such as serum proteins. Hang et. al. 
compared the corrosion behavior of TiNi in PBS and FBS. It was found that the presence of FBS 
accelerates the corrosion of TiNi alloy as the passive film formed on TiNi exposed to FBS was thinner 
and porous. Adsorption of proteins and organic compounds such as amino acids on the surface of TiNi 
might contributes to this behavior [14].  Hiromoto et. al also found that the average pitting potentials of 
316L steel decreases when subjected to MEM+FBS as the adsorbed biomolecules prevents the diffusion 
of dissolved oxygen at the interface on 316L steel [15]. The addition of L929 cells to the corrosion 
medium further decreased the corrosion resistance of 316L steel [15]. However, to this date, no works has 
been done in comparing the effect of HPT deformation to the corrosion behavior of TiNi or other metallic 
biomaterials in the EMEM+FBS as demonstrated in this study.   
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Fig. 5.4 Surface morphologies of (a) microcystalline (b) amorphous and (c) nanocrystalline Ti-50.2mol%Ni after 
corrosion in Hank's solution [10]. 
 
The structural changes induced in TiNi alloys after HPT deformation allow the formation of more 
uniform passive film. The stability of the passive film depends on the structural properties such as film 
compactness and defect density [16]. Improved corrosion resistance of TiNi as observed in this study may 
be attributed to the nanocrystallization and amorphization induced by HPT deformation. Enhanced 
corrosion resistance of nanostructured alloys is attributed to the high density of grain boundaries and 
defects that provides fast diffusion paths of oxygen, titanium and nickel atoms [17]. As the corrosion 
activation occurs primarily at the surface defects, such as grain boundaries and dislocations, small grain 
sizes promote uniform Ni and Ti distribution, which facilitates rapid formation of oxide layer. High 
densities of dislocation and grain boundary cause the drive to achieve energy equilibrium state through 
fast passivation and homogeneous corrosion[12]. The higher energies stored in the non-equilibrium grain 
boundaries and high internal stress generated during HPT resulting in formation of uniform passive film 
[18]. Dislocations created during deformation reduced the energy barrier for electrochemical reactions. 
Nanocrystallization was found to change the surface condition of the alloys, but also effectively increase 
the activity of metallic atoms and accelerate the corrosion rate [19]. The activation barrier to dissolution 
from nanocrystalline Ni surfaces is higher compared to bulk Ni, thereby resulting in improved corrosion 
resistance for nanostructured surfaces compared to bulk surfaces. This may be related to the observation 
that nanocrystalline Ni showed lower tendency for localized grain boundary corrosion while in 
polycrystalline Ni, this can result in failures [4]. 
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5.5 Conclusion 
The effect of HPT deformation on electrochemical behavior of TiNi alloys was compared in this 
chapter. The shift in OCP to the more positive potential in HPT deformed samples indicates the 
ennoblement of the samples surface upon immersion in cell culture medium. The passive current density 
of the HPT deformed samples also were found to be lower in comparison to the BHPT sample in both 
alloys, indicating the passive film formed is more protective.  This study concluded the beneficial effects 
of HPT deformation on the corrosion resistance of TiNi alloys in the cell culture medium due to 
formation of more stable and protective passive film on the TiNi alloys after HPT deformation.  
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Chapter 6 Conclusions 
 
 
 
 
This work presents the effect of high pressure torsion (HPT) deformation on the phase, mechanical 
properties and surface properties of two different TiNi alloys. The biocompatibility of the TiNi alloys 
before and after HPT deformation was also analyzed. In addition, the electrochemical studies of the TiNi 
alloys in cell culture medium were also investigated. The main findings are summarized as follows: 
1. In this study, bulk nanostructured of TiNi alloys with two different compositions have been 
produced by using HPT, a severe plastic deformation process. The alloys were subjected to 
various degree of deformation by varying the number of HPT rotations. The results from X-ray 
diffraction (XRD) shows that increasing strain imposed on the TiNi alloys leads to the phase and 
microstructural change. Grain refinement and amorphization of the TiNi alloys observed from the 
XRD patterns is attributed to the increase in the dislocation density. Microhardness 
characterization shows the HPT deformation increase the hardness of TiNi alloys with the 
number of rotation. Furthermore, an evolution towards hardness homogeneity with increasing 
numbers of turns in HPT processing was also observed. 
 
2. Biocompatibility test shows the microstructural changes due to HPT deformation did not induced 
any cytotoxic effect to the L929 cells. The cell growth and protein adsorption were also improved 
especially on the low rotation samples. Most importantly, HPT deformation was shown to be 
beneficial as it was able to suppress the Ni ion released into cell culture media. 
 
 
3. The microstructural changes due to HPT influence the surface chemistry of TiNi alloys as 
observed by X-ray photoelectron spectroscopy (XPS). High dislocation density due to HPT 
deformation was found to modify the passive film properties of TiNi alloys. Metallic Ni 
enrichment on the surface was eliminated and the passive film thickness increased after the HPT 
deformation, suggesting the changes in the passive film formation kinetic.  
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4. Electrochemical studies on the TiNi in the cell culture environment further helps us to understand 
the effect of HPT deformation on the Ni ion release and passive film formation phenomenon in 
the TiNi alloys. HPT deformed TiNi alloys were found to have better corrosion resistance as the 
passive films formed on the deformed samples were found to be more stable and protective.  
